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Z U S A M M E N FA S S U N G
Minimal-invasive Verfahren zur Krebsdiagnose und -therapie lösen offene
Verfahren aufgrund ihres schonenden Charakters in der klinischen Routine
zunehmend ab. Diese Eingriffe erfordern typischerweise das Einführen
eines nadelförmigen Instrumentes in das vom Krebs befallene Organ. Dabei
hängt der Erfolg der Intervention nachweislich von der Genauigkeit der
Instrumenteninsertion und somit von der Erfahrung des Arztes ab. Nach-
dem sich computergestützte Navigation an rigiden Strukturen bereits in
der klinischen Routine etabliert hat, beschränkt sich der Einsatz von Com-
puterunterstützung in Weichgewebe noch auf nicht-invasive Diagnostik
und Operationsplanung. Dies kann insbesondere auf die fehlende Kom-
pensation intra-interventioneller Organbewegung zurückgeführt werden.
Ziel dieser Arbeit war die Entwicklung, Umsetzung und Evaluation neu-
er Konzepte für computer-assistierte Interventionen in Weichgewebe. Die
Hauptbeiträge dieser Arbeit umfassen (1) die Entwicklung und Evaluation
einer echtzeitfähigen Methode zur intra-interventionellen Bewegungskom-
pensation für perkutane Eingriffe im Abdominalraum basierend auf Hilfs-
nadeln, (2) die Entwicklung und Evaluation einer Visualisierungsmethode
zum zielsicheren und schnellen Übertragen einer geplanten Nadeltrajek-
torie auf den Patienten und (3) die Entwicklung eines Atembewegungssi-
mulators zur Evaluation der vorgestellten Methoden in einem realistischen
Patientenmodell. Da die Leber neben den Lymphknoten das am häufigsten
von Metastasen befallene Organ ist und zudem besonders großen Bewe-
gungen unterliegt, wurden die entwickelten Konzepte beispielhaft anhand
eines Navigationssystems für perkutane Leberinterventionen umgesetzt.
Basierend auf einer Fehleranalyse des vorgestellten Ansatzes wurde das
entwickelte Prototypsystem in zwei Phasen evaluiert. Zunächst wurden
die notwendigen Systemmodule implementiert und in diversen in-silico,
in-vitro und in-vivo Versuchen evaluiert und optimiert. Anschließend wurde
das Gesamtsystem in klinischen Workflow in enger Zusammenarbeit mit
klinischen Partnern evaluiert. Nach den Ergebnissen einer in-vivo Genauig-
keitsstudie ist der vorgestellte Ansatz mit einer Insertionsgenauigkeit von
unter 4 mm höchst akkurat im Vergleich zu verwandten Arbeiten. Zudem
konnte im Vergleich zur konventionellen CT-gesteuerten Insertionsmethode
bei vergleichbaren Prozedurzeiten eine signifikant höhere Genauigkeit und
geringere Strahlenbelastung erzielt werden. Da die entwickelten Metho-
den auf verschiedenste Organe und Interventionen anwendbar sind, stellt
diese Arbeit einen wichtigen Beitrag zum Stand der Forschung im Bereich
computer-assistierter medizinischer Interventionen dar.
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A B S T R A C T
Clinical practice is increasingly replacing traditional open surgical proce-
dures with minimally invasive techniques for cancer diagnosis and therapy.
These procedures typically require placement of a surgical instrument into
the organ of interest with a high degree of accuracy. In general, the success
of a treatment or of a diagnosis is highly dependent on the accuracy of in-
strument insertion and thus depends crucially on the skills and experience
of the physician. While intra-operative navigation has been proven to be
highly effective in interventions on bony or sufficiently rigid structures,
such as the spine and the brain, computer aided soft tissue procedures are
still limited to non-invasive diagnostics and surgical planning. This can
primarily be attributed to the lack of robust methods for compensation of
intra-interventional organ motion caused by respiration, heartbeat, patient
movement and manipulation by surgical instruments.
In this thesis, new concepts for computer-assisted soft tissue interventions
were developed, implemented and evaluated. The main contributions
include (1) development and evaluation of a real-time capable motion
compensation method for percutaneous abdominal interventions based on
fiducial needles, (2) development and evaluation of a guidance method to
allow for fast and precise insertion of a needle-shaped instrument along a
predetermined trajectory and (3) development of a respiratory liver motion
simulator for evaluating the proposed methods in a realistic setting. As
the liver is one of the most common sites for metastatic disease and, at
the same time, one of the organs most affected by respiratory motion, a
prototype system for navigated liver punctures was developed according
to the proposed concepts. Based on an analysis of the sources of error
associated with the approach, the system was evaluated in two stages.
Firstly, the individual system modules were evaluated in various in-silico,
in-vitro, and in-vivo experiments. Secondly, the system was evaluated in the
clinical workflow in close cooperation with medical partners. According to
an in-vivo accuracy assessment study, the novel approach is highly accurate
compared to state of the art work, yielding an overall needle insertion
error below 4 mm. Furthermore, the proposed method outperforms the
conventional CT-guided needle insertion method with respect to accuracy
and radiation exposure to the patient. The developed methods are broadly
applicable to various organs and procedures and are thus an important
contribution to the field of computer-assisted medical interventions.
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Figure 1 Workflow for navigated needle placement. Prior to
the intervention, a set of fiducial needles is inserted
in the vicinity of the target. Next, a planning CT scan
is acquired, and a trajectory to the target is planned.
Finally, the image coordinate system is registered
with the tracking coordinate system, based on the
fiducial poses. During the intervention, the fiducial
needles are continuously located by an optical track-
ing system, and a real-time transformation is used to
estimate the position of the target point accordingly.
A suitable visualization scheme guides the physician
towards the moving target. 4
Figure 2 Hierarchical representation of the sources of error
associated with the presented approach. The overall
targeting error is represented by the root node. The
children of a node e represent the sources of error
causing e, that is, if all children ci(e) of e are asso-
ciated with no error (ci(e) = 0; i = 1, · · · ,n), then
the error of that node is zero (e = 0). For example, if
the fiducials are located accurately (FLE = 0) and the
applied deformation model accurately reflects reality
(Modelling error= 0), then the position of the target
can be estimated accurately (TRE = 0). 7
Figure 3 Location of the liver in the human abdomen (guide-
line: Faller et al. [38]). 10
Figure 4 Anatomy of the liver. 11
Figure 5 Workflow for CT-guided liver puncture. First, a plan-
ning CT is acquired to locate the tumor. Next, a set
of needles is placed above the tumor region, and a
second CT is acquired based on which a trajectory to
the target is planned. Finally, the needle is gradually
advanced and/or redirected while its position is re-
peatedly reassessed with new static images until the
desired needle position is obtained. 14
Figure 6 Simplified illustration of the principle of triangula-
tion (a) and derivation of the 3D marker position from
two camera images (b). 28
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shows the navigation scence from the perspective of
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planned trajectory. (Reprinted with permission from
Bublat et al. [20].) 39
Figure 10 Visualization scheme provided by Levy et al. [81].
The puncture needle position (blue) is superimposed
on the planned trajectory (pink) in the axial, coro-
nal and saggital slices. In a fourth window, color-
coded crosshairs represent target, needle tip and nee-
dle hub, which must be overlapped for successful
puncture. (Reprinted with permission from Levy et
al. [81].) 39
Figure 11 Visualization scheme provided by Nicolau et al. [112].
It shows an augmented video image (bottom, left),
a virtual reconstruction of the scene (right), and an
image showing the scene from the view of a virtual
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view direction along the needle axis. (Reprinted with
permission from Nicolau et al. [112].) 40
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Figure 12 Visualization scheme provided by Das et al. [30]. Two
visualization screens (striped arrow) allow exploration
of the augmented scene from a variety of viewpoints.
The camera triplet has a stereo pair of scene cam-
eras (open arrows) to capture the scene and a dedi-
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flash (a). Augmented scene, as viewed by the oper-
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(Reprinted with permission from Das et al. [30].) 41
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1I N T R O D U C T I O N
The secret of getting ahead is getting started.
— Mark Twain
1.1 motivation
Cancer is one of the leading causes of death world-wide. It accounted for 7.9
million deaths (or approximately 13% of all deaths) in 2007, and the number
is expected to increase further to approximately 11.5 million in 2030 [159].
Irrespective of the primary tumour, the liver is one of the most common sites
for metastatic disease [120]. As many patients are not eligible for surgery,
image-guided percutaneous1 approaches to diagnosis and treatment of
liver cancer are increasingly applied in clinical routine. These procedures
typcially require insertion of an elongate instrument into the liver with a
relatively high degree of accuracy. Thermal ablation therapies, for example,
are receiving increasing attention as minimally invasive strategies for the
treatment of focal malignant disease [120], but exact placement of the
instrument is essential for the success of the therapy [28, 124]. In the future,
accuracy requirements will even further expand as targets for therapy
become smaller due to improved image quality [28].
Percutaneous liver procedures rely heavily on image guidance to achieve
the required precision. In general, the needles are placed under real-
time image guidance (ultrasound (US), fluoroscopy) or under magnetic
resonance (MR) or computed tomography (CT) guidance [102]. Real-time
imaging modalities can continuously visualize the instrument in relation to
the patient’s anatomy and at the same time capture tissue motion caused
by patient movement, respiration and cardiac motion. However, these
modalities are not always available or sufficient for guiding the procedure
(e.g., because the tumor is not visible in the image), or radiation dose
concerns may prohibit their use. When sonographic placement is not
possible, CT is often the method of choice. In this case, the operator has
to “mentally” register the patient with the planning CT scan acquired pre-
interventionally in order to transfer the planned trajectory to the patient.
This requires a lot of practice, especially when in-plane needle insertion
is not possible. To lower the risk of needle misplacement, the needle
position is checked repeatedly in control CT scans, which leads to high
1 Percutaneous: Through the skin
1
introduction
radiation exposure to the patient and long procedure times. In addition,
each correction increases the risk of tumor seeding and post-procedure
complication [73, 140, 145]. The introduction of CT fluoroscopy brought
improvement through real-time feedback [45], but the physician’s hand-eye
coordination still remains a limiting factor, and both the patient and the
physician are exposed to additional doses of radiation [111, 139].
Image-guided systems aim at complementing the physician’s ability to
understand the patient specific anatomy by integrating medical images
and other sources of information, such as tracked instruments [166]. To
date, however, such systems are only available for bony or sufficiently
rigid structures such as the spine and the brain. These systems rely on
the assumption that pre-operatively acquired images used to guide the
intervention accurately represent the morphology of the tissue during the
procedure [166]. In soft tissue interventions, however, the target organ
can be subject to considerable organ shift and deformation caused by
respiration [28], heartbeat [76], patient movement and manipulation by
surgical instruments [149]. In consequence, the established navigation
systems designed for rigid structures cannot be applied in these procedures,
and soft tissue navigation remains a subject of ongoing research [166].
1.2 objectives
The main objective of this work was to develop and evaluate a concept for
computer-assisted percutaneous needle insertion into soft tissue featuring
the following characteristics:
• High accuracy: A motion compensation concept capable of capturing
and compensating for intra-interventional organ shift and deforma-
tion.
• Efficient guidance: An intuitive visualization scheme which allows
for fast and precise needle insertion along a predetermined trajectory
and does not require extensive training.
• Clinical applicability: A clinically feasible workflow in terms of time
requirements and costs.
• Benefits for the patient: Improved clinical outcome in terms of radia-
tion dose, complication rates and applicability to difficult cases.
As the liver is one of the most common sites for metastatic disease and
at the same time one of the organs most affected by respiratory motion,
the concept was to be implemented and evaluated by means of example
for percutaneous liver punctures. It was, however, intended to be readily
applicable to other abdominal organs and procedures.
2
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1.3 approach
Based on the above requirements, a soft tissue navigation approach was
developed, which estimates the position of an abdominal target (e.g., a
tumor) continuously from a set of tracked fiducial2 needles. The workflow
is illustrated in Fig. 1. Prior to the intervention, the needles are inserted in
the vicinity of the target. Next, a planning CT scan is acquired on which a
trajectory from the skin to the target is planned. Finally, the fiducials are
located, both in image space and in tracking space, and a transformation
between the tracking coordinate system and the CT coordinate system is
established based on these fiducial locations (initial registration). During
the intervention, the fiducial needles are continuously located by a tracking
system, and a real-time deformation model is used to estimate the position
of the target point based on the poses of the fiducials. To allow for fast
and accurate needle insertion, a navigation monitor guides the physician
towards the moving target.
The primary contributions of this work can be summarized as follows:
respiratory liver motion simulator: To reduce the number of
animal experiments for evaluating the proposed methods, a respiratory
liver motion simulator was developed, which allows for in-vitro3 experi-
ments in a respiring patient model [90, 91]. In an in-vitro study, the move-
ment of explanted porcine and human livers mounted to the simulator was
compared to the natural human liver movement (chapter 5).
tracking: As both the applied instruments as well as the fiducial nee-
dles should be trackable with high accuracy and at the same time not
handicap the operator, different commercially available optical tracking
systems were evaluated with regard to their suitability for needle-based
soft tissue navigation [86]. For this purpose, different tool designs were
developed and compared both experimentally and theoretically via error
propagation methods. Furthermore, the sensitivity of the tracking sys-
tems to the pose of a tool within the measurement volume, illumination
conditions, and motion was assessed (chapter 6).
registration: To allow for visualization of surgical instruments in
relation to the patient’s anatomy, the image coordinate system must be
registered with the tracking coordinate system based on the fiducial poses.
This process requires accurate localization of the fiducial needles in both
2 The meaning of the term fiducial depends crucially on the context. In this thesis, it may
refer to feature points locatable by a tracking system (cf. section 3.2.2), to reference markers
attached to the patient for motion compensation, or to control points used for point-based
registration.
3 In-vitro: Refers to the technique of performing an experiment in a controlled environment
outside of a living organism
3
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Figure 1: Workflow for navigated needle placement. Prior to the intervention, a
set of fiducial needles is inserted in the vicinity of the target. Next, a
planning CT scan is acquired, and a trajectory to the target is planned.
Finally, the image coordinate system is registered with the tracking
coordinate system, based on the fiducial poses. During the intervention,
the fiducial needles are continuously located by an optical tracking
system, and a real-time transformation is used to estimate the position
of the target point accordingly. A suitable visualization scheme guides
the physician towards the moving target.
4
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coordinate systems. To automatically locate fiducial needles in CT images
with high accuracy, a novel localization algorithm was developed which
applies a stochastic optimizer to fit geometrical models of the navigations
aids into the image [87]. The main motivation for applying fiducial needles
as opposed to skin markers is the ability to track reference points inside
the target organ itself for capturing organ movement. Yet, even if the mor-
phology of the tissue at the time of registration is approximately identical
to the morphology of the tissue during image acquisition (“rigid body
assumption”), it can be advantageous to use needles because the degree of
influence of the fiducial localization error (FLE) on the target registration
error (TRE) depends on the proximitity of the fiducials to the target. To
address this issue, an in-silico4 study based on Monte-Carlo simulations
was performed for evaluating the benefits of fiducial needles compared to
skin markers when registering the tracking coordinate systems with the
image coordinate system under the rigid body assumption (chapter 6).
motion compensation : Due to the high accuracy requirements, the
navigation approach requires a mechanism to compensate for intra-inter-
ventional organ shift and deformation in real-time. In this work, a motion
compensation method based on fiducial needles was developed, which
allows for continuous estimation of the position of an abdominal target
during continuous breathing [88, 89]. In this context, different deformation
models to update the anatomy in real-time [88, 89], different fiducial
placement strategies [89], and methods to reduce the invasiveness of the
approach [94, 95] were investigated. Furthermore, an automatic gating
method based on the tracked fiducials was derived [94] (chapter 8).
guidance: An important factor to the overall performance of a nav-
igation system is the guidance module, which presents the positional
information extracted from imaging and tracking data to the operator
to facilitate needle insertion along a predetermined trajectory. To pro-
vide optimal guidance, different visualization schemes for targeting of an
anatomical structure with a needle-shaped instrument were developed and
compared [134, 135]. Based on the results of an in-vitro evaluation of the
proposed methods, a three-stage visualization scheme for clinical use was
derived [93, 96] (chapter 9).
evaluation: To evaluate the clinical applicability of the proposed ap-
proach, a prototype system for percutaneous needle insertion into the liver
was developed. The overall targeting accuracy of the system, which is the
accuracy of hitting a predefined target with the tip of a needle-shaped
instrument, results from a variety of different sources of error as illustrated
4 In-silico: Via computer simulation
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in Fig. 2. To obtain a meaningful error analysis, the developed methods
were evaluated in two stages:
1. Evaluation and optimization of system modules: To assess and mini-
mize the contribution of different sources of error, the accuracy of the
individual system components were assessed separately from each
other, namely the instrument tracking error [86] (chapter 6), the FLE in
tracking space [86] (chapter 6), the FLE in image space [87] (chapter 7),
the TRE [88, 89] (chapter 8), and the user error [135, 92, 96] (chapter 9).
2. Evaluation of the system in the clinical workflow: Three studies were
conducted to evaluate the clinical applicability of the approach (chap-
ter 10):
a) In-vitro accuracy assessment: Evaluation of the accuracy of the
system in the respiratory liver motion simulator [92].
b) In-vivo5 accuracy assessment: Evaluation of the accuracy of the
system in swine [96, 97].
c) In-vivo comparison to the conventional method: Comparison of
the conventional CT-guided biopsy method with the computer
assisted approach with respect to accuracy, time and radiation
exposure [147].
1.4 outline
This thesis is organized as follows: Chapter 2 provides the reader with the
medical background relevant to this work.
Chapter 3 reviews the history of navigation in medical interventions
and provides an overview on computer-assistance in percutaneous abdom-
inal interventions. Chapter 4 presents the proposed navigation approach
on the basis of related work and describes the individual sources of er-
ror contributing to the overall needle insertion error associated with the
concept.
Chapter 5 describes the motion simulator that was developed to evaluate
the proposed methods in a realistic setup. Thereon, chapters 6 through 9
describe and evaluate the individual modules of the system: Chapter 6
presents the navigation tools developed for this thesis, evaluates two com-
mercially available tracking systems with regard to their suitability for
the proposed application, and assesses the FLE in tracking space. Chap-
ter 7 introduces the developed method for locating the fiducial needles
in the planning CT, assesses the FLE in image space, and evaluates the
initial registration accuracy for different combinations of internal and ex-
ternal fiducials. Chapter 8 describes the motion compensation approach
5 In-vivo: Inside an organism
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Figure 2: Hierarchical representation of the sources of error associated with the
presented approach. The overall targeting error is represented by the
root node. The children of a node e represent the sources of error
causing e, that is, if all children ci(e) of e are associated with no error
(ci(e) = 0; i = 1, · · · ,n), then the error of that node is zero (e = 0). For
example, if the fiducials are located accurately (FLE = 0) and the applied
deformation model accurately reflects reality (Modelling error= 0), then
the position of the target can be estimated accurately (TRE = 0).
in detail and assesses the TRE for different real-time deformation models,
placements strategies, and combinations of applied fiducials. Finally, the
presentation of the system modules ends with chapter 9, which introduces
and compares several visualization schemes for computer-assisted needle
insertion along a predetermined trajectory, presents the guidance method
derived for clinical use, and assesses the user error associated with the
chosen method.
Subsequently, chapter 10 presents the three in-vitro and in-vivo studies
that were performed to evaluate the performance of the developed proto-
type navigation system in the clinical workflow. Based on the results of
these studies, chapter 11 discusses the developed navigation concepts in
the context of the state of the art in clinical practice and in related work.
Finally, chapter 12 summarizes the contributions and results of this work.
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2M E D I C A L B A C K G R O U N D
When you discover your mission,
you will feel its demand.
It will fill you with enthusiasm
and a burning desire to get to work on it.
— W. Clement Stone
Clinical practice is increasingly replacing traditional open surgical proce-
dures with minimally invasive techniques [166]. This development results
in a transition from direct visual feedback to image-based feedback. The
physician can no longer directly see and feel the anatomical structures
but needs to mentally establish the spatial relationship between the im-
agery and the patient. As many diagnostic and therapeutic procedures
require high accuracy in placing an instrument inside the target structure
(e.g., biopsy, radiofrequency ablation (RFA)), they require a high degree
of operator skill. This holds especially for soft tissue organs, which are ef-
fected by breathing motion, patient movement and manipulation of surgical
instruments.
This chapter is intended to describe the challenges associated with percu-
taneous interventions in clinical practice and to provide the reader with the
general medical background relevant to the remaining part of this thesis.
It briefly describes the anatomy of the liver (section 2.1), summaries the
published studies on characterization of hepatic motion (section 2.2) and
illustrates the challenges associated with percutaneous needle insertion by
means of two example procedures (section 2.3): Liver biopsy and liver RFA.
2.1 anatomy of the liver
The human abdomen is the part of the body between the pelvis and the
thorax. It consists among others of the lower esophagus, the stomach, the
intestine, the liver, the kidneys, the pancreas and the spleen. The liver is the
largest gland in the human body and is situated in the right upper quarter
of the abdominal cavity under the right lower ribs (Fig. 3). Traditional
gross anatomy divides the liver into four lobes [14], two of which (right
liver lobe and left liver lobe) are shown in Fig. 4. The liver plays a major
role in metabolism and has a number of vital functions including glycogen
storage, decomposition of red blood cells, plasma protein synthesis and
detoxification [131].
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Figure 3: Location of the liver in the human abdomen (guideline: Faller et al. [38]).
The liver receives arterial blood supply via the hepatic artery, but unlike
other organs, it has a second venous blood supply; the blood that leaves
the organs of the intestinal tract flows through the portal vein into the
liver (cf. Fig. 4). As the blood flow allows for cancer cells originating from
other organs to be carried into the liver, the liver is one of the most common
sites for metastatic disease [120].
2.2 characterization of hepatic motion
Liver motion is a significant obstacle to precise percutaneous needle place-
ment [28]. Due to high anatomic variabilities as well as to numerous
sources of movement and deformation, quantitative analysis of hepatic
motion is challenging. Clifford et al. [28] reviewed the published efforts
to characterize liver motion secondary to respiration, with the specific
goal of defining the limitations and potential applications of image-guided
systems in percutaneous liver interventions. The nine reviewed reports
showed liver movement to be complex, with cranio-caudal, lateral, and
anterior-posterior motion, in addition to movement due to deformation of
the tissue. All studies agree that cranio-caudal motion is the most signif-
icant, with translation ranging from 10 to 26 mm in quiet respiration. In
contrast, measurements of movement in both the anterior-posterior and
lateral directions varied markedly with the assessment technique used, but
the authors concluded that translation is significant in all three directions,
especially when tracking targets within liver tissue. Furthermore, the stud-
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Figure 4: Anatomy of the liver.
ies demonstrate that there is wide variation between individuals in the
degree and direction of liver movement.
According to the analysis by Rohlfing et al [126], the liver also shows
significant motion due to deformation. When point-by-point measurements
of locations within the liver were tracked throughout the respiratory cycle,
they differed from the predictions made by rigid motion models by between
2 and 19 mm with an average of 6 mm. As the liver is nonregular in shape
and nonuniform in composition, the degree of deformation varies markedly
within the organ.
Kolen et al. [76] measured the cardiovascular component of natural liver
motion (i.e, the motion resulting from heartbeat). The authors found
cardiovascular motion in the liver to be complex, both temporally and
spatially, but cyclic in every liver segment. Approximately 70% of the
liver motion could be described by only one vector, and the mean liver
displacement was generally below 1 mm.
Several groups investigated respiratory gating protocols, which assume
that the liver reoccupies the same position at identical moments in the
respiratory cycle. Suramo et al. [144] investigated the ability to suspend
respiration repeatedly leaving the liver in exactly the same position with
the aid of given instructions. The authors found the range of movement of
the liver to be 5.5 cm during maximum respiration, 2.5 cm during normal
respiration and 0.9 cm during suspended respiration. In a related study,
Olbrich et al. [116] analyzed respiratory motion patterns of the liver caused
11
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by a respirator in swine. The authors concluded that repositioning after
one breathing cycle was within a range of 1mm.
The liver as one of the most mobile organs does not have a fixed rela-
tionship to the skin surface or surrounding organs during the respiratory
cycle. Shimizu et al. [137] analyzed the position of hepatic tumors rel-
ative to the overlying skin surface for possible radiotherapy treatment
volume reduction by respiratory gating. The authors reported that the
position of the tumor contours was not constant relative to the skin sur-
face at peak exhalation or inhalation. In a related study, Wong et al. [165]
used electromagnetically tracked skin fiducials and one fiducial needle to
simultaneously monitor internal liver motion and external skin motion.
The authors found a strong correlation between external anterior-posterior
motion and internal inferior-superior motion.
In summary, liver motion can be characterized as follows:
• Liver movement due to respiration is complex, with cranio-caudal,
lateral, and anterior-posterior motion, in addition to movement due
to deformation of the tissue [28].
• There is wide variation between individuals in the degree and direc-
tion of liver movement [28].
• Cranio-caudal motion is the most significant, with translation ranging
from 10 to 26 mm [28].
• The cardiovascular component of natural liver motion is relatively
small (below 1 mm) [76].
• Skin motion correlates with internal liver motion [165].
• Respiratory gating should be used with care [137, 144].
2.3 percutaneous liver interventions
Image-guided percutaneous approaches to diagnosis and treatment of
liver disorders are already widely used in clinical routine. Diagnostic
procedures include percutaneous biopsy (cf. Liver biopsy) of intrahepatic
masses presumed to be tumors and internal/external biliary drainage1 for
benign and malignant biliary duct obstruction. Therapeutic procedures
include tumor ablation (cf. Radiofrequency ablation), tumor embolization2,
1 Drainage: Withdrawal of fluids from a wound or other cavity [103]. Biliary drainage is a
procedure in which a catheter is placed percutaneously into the liver to drain the bile.
2 Embolization: Therapeutic introduction of various substances into the circulation to
occlude vessels, either to arrest or prevent hemorrhaging, to devitalize a structure, tumor,
or organ by occluding its blood supply, or to reduce blood flow to an arteriovenous
malformation [103].
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and delivery of gene therapy vectors3 [28]. These procedures typically
require precise insertion of an elongate instrument into the target organ.
In this section, we present the challenges associated with needle insertion
into soft tissue by means of two examples: Liver biopsy and liver RFA.
2.3.1 Liver biopsy
A biopsy is a medical test involving the removal of cells or tissues for
examination. The tissue sample is generally analyzed under a microscope
by a pathologist and/or chemically. Liver biopsies may be taken percuta-
neously, transvenously (i.e., through the blood vessels) or directly during
surgery [50]. The procedure has been routinely performed since early in
the 20th century [101] and is generally done to aid diagnosis of liver disease,
to assess the severity of known disease, and to monitor the progress of
treatment [50]. While it is generally a safe procedure, there is a small risk
of complications. The reported mortality from percutaneous liver biopsy
varies considerably, but is of the order of magnitude of 0.1 to 0.01% [50].
The main cause of mortality is intraperitoneal haemorrhage. Furthermore,
there is a risk of puncturing other organs such as the lung, the diaphragm,
or the intestines [50].
Liver biopsies are generally performed under US, CT or CT-fluoroscopy
guidance [75, 130]. When sonographic placement is not possible (e.g.,
because the tumor is not visible in US images), CT is generally the method
of choice. In its original form, the procedure requires a pre-interventional
CT scan which is used to plan a trajectory to the target. The operator
then has to “mentally” register the patient with the images to transfer the
planned trajectory to the patient. Due to the lack of real-time imaging
information this requires a lot of practice, especially when in-plane needle
insertion is not possible. To lower the risk of needle misplacement, the
needle position is checked repeatedly in control CT scans leading to high
radiation exposure to the patient and long procedure times (cf. Fig. 5).
In addition, each correction increases the risk of tumor seeding and post-
procedure complication [73, 140, 145]. The introduction of CT fluoroscopy
brought improvement through real-time feedback [45], but the physician’s
hand-eye coordination still remains a limiting factor and both the patient
and the physician are exposed to additional doses of radiation [111, 139].
2.3.2 Radiofrequency ablation of liver tumors
The term tumor ablation is defined as the “direct application of chemical
or thermal therapies to a specific focal tumor (or tumors) in an attempt
3 Gene therapy: Process of inserting a gene artificially into the genome of an organism to
correct a genetic defect or to add a new biologic property or function with therapeutic
potential [103].
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Figure 5: Workflow for CT-guided liver puncture. First, a planning CT is acquired
to locate the tumor. Next, a set of needles is placed above the tumor
region, and a second CT is acquired based on which a trajectory to
the target is planned. Finally, the needle is gradually advanced and/or
redirected while its position is repeatedly reassessed with new static
images until the desired needle position is obtained.
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to achieve eradication or substantial tumor destruction” [49] where the
term “direct” aims to distinguish these therapies from others that are either
applied orally or via an intravascular or peripheral venous route. The
methods of tumor ablation most commonly used in current practice can
be divided into the categories chemical ablation and thermal ablation [49].
In chemical ablation, chemical agents such as ethanol and acetic acid are
applied to induce tissue necrosis4 and cause tumor ablation. In thermal
ablation procedures, energy is applied to destroy a tumor either with heat
(e.g., radiofrequency, laser) or cold (cryoablation).
Principles of thermal ablation therapy
Ablation techniques can be classified according to the energy source used
to achieve tumor destruction [49] as follows:
radiofrequency ablation (rfa): Application of electromagnetic en-
ergy with frequencies less than 30 MHz (typically 375 to 500 kHz
range [48]). An alternating electric current is applied, which induces
frictional heat due to ion agitation [26] near a needle-shaped applica-
tor inserted into the target organ. In monopolar systems, an electrical
circuit develops between the applicator and a set of neutral pads fixed
on the patient’s skin. In bipolar systems, the electric circuit is closed
between two RF electrodes placed in or at the periphery of the tumor
and no grounding pads are required. In multipolar RF systems, more
than two electrodes are placed in the target tissue and RF energy
can be applied by a consecutive activation of every possible pair of
electrodes [26].
microwave ablation: Application of electromagnetic energy with fre-
quencies from 30 MHz to 30 GHz [49]. In contrast to RFA, in which
the inserted electrode functions as the active source, the inserted
probes function as antennae for externally applied energy [3]. The
applied energy causes rotation of polar molecules, which is opposed
by frictional forces and induces heating of the tissue.
laser ablation: Ablation with light energy applied via fibres inserted
directly into the tissue [29]. The fibers transmit intense light which is
converted into heat [3].
ultrasound ablation: Application of ultrasound energy for tumor
ablation either transcutaneous or direct for percutaneous application
with a needle-like applicator and for intracavitary devices.
4 Necrosis: Pathologic death of one or more cells, or of a portion of tissue or organ, resulting
from irreversible damage [103].
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cryoablation: Application of lowtemperature freezing for destroying
tissue. The freezing of tissue with rapid thawing leads to the disrup-
tion of cellular membranes and induces cell death [129].
The interested reader may refer to the overview article by Ahmed and
Goldberg [3] for an introduction to the different techniques including their
advantages and shortcomings.
Indications and limitations of RFA in liver metastasis
Thermal ablation strategies are receiving increasing attention as minimally
invasive strategies for the treatment of focal malignant disease [120] with
RFA being the most promising ablation technique for the treatment of
liver metastases [124]. The advantages of RFA over surgical resection are
that it can be used to treat tumors that are not surgically resectable due
to anatomic constraints or inadequate liver reserve, that it is associated
with reduced morbidity and mortality, and that it is technically easier
to perform [2]. Furthermore, it appears safer (compared with cryother-
apy), easier (compared with laser ablation), and more effective (compared
with chemical ablation) than other minimally invasive therapies [120]. At
present, it is applied for metastatic liver disease only in patients who are
not candidates for surgical resection [120].
Pereira et al. [120] and Crocetti et al. [29] provide a broad review on
long-term clinical results of RFA in liver tumors. In general, the success of
RFA treatment depends crucially on the ability to ablate all viable tumor
tissue and an adequate tumor-free margin of about 5-10 mm [29]. In
consequence, the size of the metastases to be treated remains the major
prognostic factor [120]. As the size and shape of the coagulated volume
is variable and not always sufficient to cover the entire tumor [2], it is
often necessary to reposition the applicator during the procedure to obtain
overlapping spheres of treatment [124]. Ideal candidates for RFA have
tumors with a maximum diameter less than 3.5 cm [120]. Beyond this size
a high number of needle repositionings is necessary leading to a loss of
reproducibility of the coagulation volume, long procedure times and higher
complication and recurrence rates [120].
Like all thermal ablation techniques, RFA is negatively influenced by
blood flow which potentially removes heat during the procedure [49]. In
consequence, the coagulation volume is altered away from blood vessels
and depends crucially on the individual patient’s anatomy. Although
several strategies have been developed to overcome this problem (c.f. [102]),
the cooling effect often leads to incomplete tumor ablation.
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Image guidance for RFA of the liver
Imaging is used for planning, targeting, monitoring, controlling, and as-
sessing treatment response of ablation therapy [26]. In this section, we
focus on the modalities used to guide the RF instrument to the tumor.
Percutaneous RF ablation can be either performed under general anes-
thesia or under local anesthesia in combination with analgosedation [26].
Depending on the type of anesthesia, needle insertion is typically per-
formed by holding respiration in expiratory phase via the ventilator or
during active breath-hold.
The positioning of the RF applicator into the tumor and the monitoring
of the ablation process can be performed using US, CT, CT-fluoroscopy,
MRI, or laparoscopy (with or without US) [26, 80, 124].
US imaging offers the distinct advantage of real-time imaging capability
without using ionizing radiation [28], but is inadequate when overlapping
ablations are necessary because heat-produced air bubbles spread periph-
erally during ablation resulting in bad image quality and thus hindering
the exact repositioning of the electrodes [124]. Other weaknesses of US
include high interoperator variability and inability to monitor the ablation
course [28].
Compared to US, CT provides excellent visualization of target-tissue de-
tail, but successful instrument placement is a repetitive needle-repositioning
exercise [28]: The applicator is gradually advanced and/or redirected while
its position is reassessed with a new static image until the desired needle
position is obtained (cf. Fig. 5). The primary disadvantages of this approach
are the high time requirements caused by repeated image acquisition [136]
and the inaccuracies introduced by respiratory or patient motion. Further-
more, needle placement for interventions requires a high degree of operator
skill [28]. CT fluoroscopy (cf. section 3.2.1) may be used to combine the
anatomic resolution of CT with the real-time imaging capabilities of fluo-
roscopy but is associated with high radiation doses not only to the patient
but also to the physician [111, 139]. Furthermore, monitoring the ablation
course with CT is still a subject of ongoing research.
The current literature regarding percutaneous RF ablation mainly de-
scribes the use of CT and US guidance, but MR guidance is also gaining
increasing attention [26]. The major advantages of MR are excellent soft tis-
sue contrast (not limited to a time window after administration of contrast
media), sensitivity to thermal effects allowing control of the endpoint of
RFA after complete coagulation of the tumor, and direct multiplanar image
acquisition [26]. On the other hand, MR is associated with high costs and
requires construction of MR compatible devices. Clasen et al. [26] reviews
clinical studies of MR guided RFA.
Regardless of the imaging modality employed, percutaneous interven-
tions in the liver using the described advance-and-check technique for
instrument placement share complication risks that increase with the num-
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ber of needle passes undertaken [28]. Complications include hemobilia,
intraperitoneal hemorrhage and seeding of the needle tract with tumor.
Rhim et al. [124] further claim that inaccurate targeting is the major reason
for tumor undertreatment.
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[Science is] a great game. It is inspiring and refreshing.
The playing field is the universe itself.
— Isidor Isaac Rabi (Nobel prize 1944)
Due to rapid developments in the research areas of medical imaging,
image processing and robotics, medical interventions are increasingly sup-
ported by image-guided systems. To date, however, such systems are
only available for bony or near bony structures such as the spine and the
brain, and the use of computer assistance in soft tissue is still limited to
diagnostics and surgical planning. This chapter reviews the history of
navigation in medical interventions (section 3.1), and gives an overview
of the approaches to motion compensation and guidance in percutaneous
abdominal interventions (section 3.2).
3.1 history of computer-assisted interventions
Computer-assisted navigation has its roots in stereotactic neurosurgical
procedures [122], which were developed early in the 20th century by Hors-
ley and Clarke [59]. As reported by Gildenberg et al. [46], they were first
applied in human neurosurgery by Spiegel and Wycis in 1947 who used the
concept of a three-dimensional Cartesian coordinate system for the human
brain to enable intra-operative orientation [142]: Prior to medical image
acquisition, a stereotactic frame, a mechanical tool, was attached to the skull
and thus allowed for the establishment of a spatial relationship between
medical image space and stereotactic frame space. As the location of sub-
cortical structures relative to the stereotactic frame could be approximated
as constant, the position of the target could be described in terms of the
frame-based coordinate system, and the mechanical device could be used
to guide an instrument to deep brain structures. As frame-based stereotaxy
soon achieved a reputation as a reliable way for accurately localizing struc-
tures [4, 47, 53] it was established as a standard method for supporting
various interventions in open and minimally invasive neurosurgery [12].
For many years, image-guided surgery was confined to stereotactic pro-
cedures and was performed without the use of a computer (apart from that
employed by the scanner to reconstruct the image) [122]. With the end of
the 1980s, advantages in computer technology and robotics began to change
the field of medical interventions again [12]: On the basis of industrial
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robots, robotic arm systems were constructed, which facilitated accurate
positioning of surgical instruments [79]. In addition, electromagnetic [67]
and optical [69, 161] tracking systems became commercially available in the
early Nineties. These systems allow for continuous localization of surgical
instruments based on small sensors attached to the devices, which can
be tracked with high accuracy. Due to these systems, the localization of
surgical instruments relative to the patient’s anatomy no longer required
a mechanical connection of the instrument to the patient. These technical
advances soon expanded the range of applications for navigation systems
to other disciplines [12]; Computer-assisted navigation emerged in ear, nose
and throat surgery, for sinus and skull-base surgery [35], as well as in ortho-
pedics for navigated placement of pedicle screws into the spine [104, 115].
Systems for navigated hip [9] and knee [33] replacement followed. In
maxillofacial surgery, navigation systems are now used for osteo-synthesis
implantation [37]. In dental implant surgery, computer-assisted design
and manufacturing of implants as well as surgical navigation have been
established in clinical routine [65, 105].
A typical image-guided procedure comprises (at least) the following
three phases:
1. Pre-operative planning: The goal of the first phase is to create a patient
and procedure specific plan based on pre-interventional images and
other available sources of information (e.g., functional information).
2. Registration: At the beginning of the intervention, the coordinate
system in which the plan was specified is aligned to the reference
coordinate system in the operating room that is used to guide the
intervention.
3. Intra-operative plan execution: The image-guided system then provides
visual assistance to the physician, by displaying the spatial relation-
ship between tracked instruments and anatomical structures. Intra-
operative images may be acquired to update the anatomical picture.
Regardless of the target organ, the key component of a navigation system
is the ability to register pre-operative images accurately to the patient. In
commercially available systems, the registration is typically performed via
a set of fiducials attached near anatomical regions of interest, for example
to the skin or the bone of the patient [162]. These fiducials are located in
the planning image and in the tracking coordinate system (by the track-
ing system itself) and from this, the transformation for mapping objects
from image space to tracking device space is calculated. In general, the
navigation systems have been designed for rigid structures and rely on
the assumption that the pre-operatively acquired images used to guide
the surgery accurately represent the morphology of the tissue during the
procedure [166]. In soft tissue interventions, however, the target organ
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can be subject to considerable organ shift and deformation caused by
respiration, heart beat, patient movement and manipulation by surgical
instrument (cf. section 2.2). In consequence, the established navigation
systems designed for rigid structures cannot be applied in soft tissue inter-
ventions, and image-guided systems for deformable anatomical structures
are still a subject of ongoing research [166].
The next section presents current approaches to soft tissue navigation
focussing on navigated needle insertion in percutaneous abdominal inter-
ventions. The interested reader may refer to the review articles of Raabe et
al. [123], Grunert et al. [52], and Maciunas [85] for a more elaborate review
of the history of navigation in neurosurgery. Sugano [143], and Ewers et
al. [37] provide more information about the fields of orthopedic surgery
and maxillofacial surgery respectively. Baumhauer et al. [12] reviews nav-
igation concepts in endoscopic soft tissue surgery. Elaborative articles
about navigation in medical interventions in general have been given by
Peters [122], DiMaio et al. [34], as well as by Yaniv et al. [166].
3.2 computer-assisted needle insertion into soft tissue
Table 1 provides a selection of the navigation systems presented for compu-
ter-assisted needle insertion in abdominal interventions. The approaches
differ mainly in (1) the applied imaging modality, (2) the tracking method,
(3) the initial registration approach, (4) the method for compensating for
organ motion in real-time and (5) the method for guiding the operator to
the planned target. It should be pointed out, that motion compensation is
essentially an intra-interventional registration procedure and can apply the
same methods used for initially registering the tracking coordinate system
with the image coordinate system. However, this chapter distinguishes
between the initial registration approach and the method for continuously
compensating for organ motion because the initial registration does not
need to be conducted in real-time. In consequence, several groups apply
different methods for these two steps.
In the following paragraphs, the above mentioned aspects are discussed
individually in the context of percutaneouos abdominal interventions.
As the methods developed in the scope of this thesis were particularly
designed for percutaneous liver biopsy and liver RFA, this chapter focusses
on computer-assistance for needle insertion in the abdomen. The interested
reader may refer to the review article of Baumhauer et al. [12] for an
overview of soft tissue navigation in endoscopic minimally invasive surgery.
3.2.1 Imaging
In rigid organ navigation, the entire procedure can be conducted based on
only one planning image because the anatomy can be regarded constant.
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Modality Intra-operative
Availability
Accessability Dimensionality
X-ray available high 2D projection
X-ray fluoroscopy available high 2D projection
CT available high 3D
CT fluoroscopy available moderate 2D
3D C-arm CT available low 3D
US available high 2D/3D
MRI available high 3D
fMRI not available moderate 3D
PET not available moderate 3D
SPECT not available moderate 3D
Optical imaging available high 2D projection
Table 2: Classification of imaging devices according to their availability for intra-
operative use, their accessability to physicians around the world, and the
dimensionality of the data they acquire (modified from Yaniv et al. [166]).
Modalities: Computed Tomography (CT), Ultrasound (US), Magnetic Res-
onance Imaging (MRI), functional MRI (fMRI), Positron Emission Tomog-
raphy (PET), Single Photon Emission Computed Tomography (SPECT)
and optical imaging.
In contrast, soft tissue navigation requires a mechanism to compensate
for intra-interventional organ shift and deformation. In some applications,
real-time images are acquired for this purpose (cf. Registration below). Ta-
ble 2 provides a classification of imaging modalities according to their
availability for intra-operative use, their accessability to physicians around
the world and the dimensionality of the data they acquire. In the follow-
ing paragraphs, we discuss these imaging modalities in the context of
percutaneous abdominal interventions.
Projection radiography
Projection radiography refers to the technique of exposing an image re-
ceptor (e.g., a photographic film) to X-rays to produce a two-dimensional
projection image of an object. It is especially useful in the detection of
pathology of the skeletal system, but can also be applied for detecting
some disease processes in soft tissue [122]. Very cheap, X-rays have two
major limitations: First, they reduce the three-dimensional information
contained in an object to two, which results in the loss of information about
the dimension parallel to the beam. Second, X-rays are a form of ionizing
radiation and as such carcinogen.
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The term X-ray fluoroscopy refers to an imaging technique based on X-
rays that provides real-time moving images of the internal structures of a
patient. This technique was introduced into medical use shortly after the
discovery of X-rays and is widely used in orthopedics and interventional
radiology [166]. Images can, for example, be obtained using an image
intensifier mounted on one side of a C-shaped frame (C-arm) with the radi-
ation source on the other side. Real-time images are displayed on a screen,
allowing the physicians to monitor the position of surgical instruments
and the patient’s anatomy. The main drawback of this modality is that it
exposes both the physician and the patient to radiation. Furthermore, the
images are characterized by a small field of view and exhibit geometric
and intensity distortions [166].
Projection radiography is applied by the image-guided radiosurgery sys-
tem CyberKnife (Accuray Inc., Sunnyvale, CA), which combines real-time
tracking of skin fiducials with occasional detection of implanted internal
fiducials based on X-ray imaging for motion compensation during radio-
surgery [117] (cf. section 3.2.4).
Computed tomography
Computed tomography (CT) is a medical imaging method which creates a
three-dimensional image of the inside of an object from a large series of two-
dimensional X-ray images taken around a single axis of rotation. In contrast
to projection radiography, it provides high-contrast, high resulution and
a true 3D volume and has become a gold standard in the diagnosis of a
large number of different disease entities [122]. Its main drawback is the
radiation dose delivered to the patient [166].
For many years, CT was only used for diagnosis and therapy planning,
but it is now increasingly used as an intra-operative imaging modality.
In CT fluoroscopy, tomographic images can be acquired in real-time with
a high update rate [122]. The fact that most machines only provide the
physician with a single image slice view led to the recent introduction of
C-arm CT imaging that uses iso-centric motorized C-arms to acquire small
3D tomographic data sets [51]. Although the quality of these images is still
lower than that of standard CT, further improvements can be expected with
advances in technology [166].
Due to the numerous advantages of CT modalities and large installed
base of systems, the majority of navigation systems apply CT for computer-
based planning and therapy support (e.g. [30, 40, 72, 82, 110]).
Ultrasound
Ultrasound is a real-time modality that uses high frequency sound waves
that are reflected by tissue to varying degrees to produce a 2D or 3D image
of the patient. It is widely used for soft tissue and blood flow imaging but
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is not suitable for imaging the internal structure of bones or bodies of gas,
such as the lung [166].
Ultrasound is cheap, safe and easy to use, non-invasive and produces
no radiation exposure to the patient. Images are acquired at arbitrary
orientations via free-hand scanning, and not as a stack of parallel slices.
Compact and flexible, ultrasound scanners can be taken to critically ill
patients in intensive care units, avoiding the danger caused by moving the
patient to the radiology department.
On the other hand, image quality available from ultrasound is inferior to
that of CT and even of low-field intra-operative MRI. Images are character-
ized by variable contrast, image speckle and shadowing artifacts [166]. In
consequence, they are hard to interpret. Furthermore, the data is acquired
as a set of uncorrelated 2D images at arbitrary orientations, requiring the
physician to mentally reconstruct the underlying anatomical structures,
which requires a high degree of operator skill. In addition, the ultrasound
transducer must be in direct contact with the tissue during imaging and
thus presents an intrusion into the operating field.
There are two basic ways for acquiring a 3D US data set [166]:
1. Acquiring a set of 2D images using standard probes and 1D detector
transducers coupled with their positional information. This can be
achieved using mechanical positioning of the transducer, or free-hand,
by tracking the device.
2. Using 2D detector transducers that directly acquire a 3D volume.
These images still suffer from poor image resolution and a low frame
rate.
3D ultrasound has played a particularly important role in the guidance
of prostate biopsy and brachytherapy [125, 154] and is generally gaining
increasing attention in image-guided systems due to its real-time compati-
bility [8, 16, 56].
MRI
A Magnetic Resonance Imaging instrument (MRI scanner) uses powerful
magnets to polarise and excite hydrogen nuclei in water molecules, produc-
ing a detectable signal which is spatially encoded resulting in tomographic
images of the body. Unlike CT, MRI does not involve the use of ionizing
radiation and is therefore not associated with the same health hazards.
Compared to CT, it provides excellent soft tissue contrast but exhibits both
geometric and intensity distortions [166].
A small percentage of centres have MRI scanners located in the operating
room. These are typically low field open magnets (0.2-0.5 Tesla), allowing
intra-operative image acquisition in close to real-time. One of the most
attractive features of intra-operative MR systems is their capability to
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monitor the progress of certain therapies in real-time by measuring changes
in MR characteristics that are undergone by the tissues during freezing or
heating (cf. [122]). On the other hand, the limitations placed on an open
magnet in the OR result in low resolution, poor image quality and high
noise. Furthermore, the surgeon has only limited access to the patient, and
the presence of the magnetic field creates a potentially unsafe environment
requiring instruments to be modified for compatibility.
Recently, MRI has been increasingly used as imaging modality for navi-
gated interventions (cf. [16, 71, 151]). For a comprehensive review of the
current state of the art and future perspectives on interventional MRI the
interested reader is referred to [66].
Other imaging modalities
The use of functional imaging such as functional MRI (fMRI), Positron
Emission Tomography (PET), and Single Photon Emission Computed To-
mography (SPECT) as well as optical imaging obtained from endoscopes
and microscopes has played a minor role in related work and is discussed
by Yaniv et al. [166].
3.2.2 Tracking
The term tracking refers to the process of determining and following the
position and orientation of an object with respect to some reference coordi-
nate system over time. A core component of an image-guided navigation
system is the ability to track instruments in real-time during the procedure
and to display them as part of a realistic model of the operative volume.
Tracking technologies
The commercially available systems are generally based on one of the
following concepts:
mechanical tracking: Mechanical tracking approaches generally em-
ploy a probe that is physically linked to a mechanical basis attached
firmly to the patient. The position of tracked instruments is deter-
mined via angle encoders.
optical tracking: In optical tracking systems, two or more cameras,
with known poses to each other, are applied to locate feature points,
or fiducials, attached to the objects to be tracked. Each camera lo-
cates the individual fiducials on the object in a 2D image, and the
information from all cameras is merged to obtain a 3D image via
triangulation (Fig. 6).
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acoustic tracking: Sound point sources are attached to the objects to
be tracked, and the time of flight between the source and a number
of detectors is used to estimate the location of the source.
magnetic tracking: A magnetic field transmitter generates an electro-
magnetic field, and sensor coils are embedded into the objects to be
tracked. By measuring the voltage induced in these coils, the position
within the coordinate system defined by the field transmitter can be
determined.
optical ego-motion (self-motion) tracking: Video images are
processed to compute camera motion (cf. e.g. [13]).
fiber-optic based tracking: Fiber optic curvature sensors produce
an output voltage proportional to curvature or displacement of an
object [118]. This information is used to generate a 3D image of the
position, orientation and shape of a flexible object.
Reviews of some of these technologies and their characteristics can be
found in [44, 121, 166]. For a comprehensive review of tracking technolo-
gies, not specific to medical applications, the reader may refer to [157].
According to Yaniv et al. [166], an ideal tracking system should be small,
accurate, robust, wireless and inexpensive with high refresh rates and a
room sized working volume. It should be able to estimate all six degrees
of freedom, concurrently track up to 100 objects, and not require line-of-
sight to the tracked objects. None of the commercially available tracking
system fulfills all of these requirements, hence, the tracking technology to
be applied for a given application must be chosen carefully. According
to Yaniv et al. [166], the tracking technologies enumerated above can be
divided into two classes: Those, that can only track a single object at a
time (mechanical, ego-motion, fiber-optics), and those that can track multi-
ple objects concurrently, namely, acoustic, optical, and magnetic tracking
systems. In this report, we focus on the second class because soft tissue
interventions generally require tracking of more than one object at a time.
The tracking technique most frequently employed in image-guided sys-
tems is the optical approach (cf. e.g. [30, 110, 113]), because the devices
generally achieve high and robust tracking accuracy and precision [161].
The fiducials localizable by an optical tracking systems include infrared
light emitting diodes (IREDs) (e.g., FlashPoint 5000 (Boulder Innovation
Group, Boulder, USA)), reflective markers that are illuminated with infrared
light (e.g., Polaris® (Northern Digital Inc., Ontario, Canada)), and markers
that exhibit high contrast in the visible spectrum (e.g., MicronTracker 2
(Claron Technology, Inc.; Toronto, Ontario, Canada)). All optical systems
provide submillimetric FLEs, refresh rates that are sufficient for medical
procedures, and robust performance with regard to the environment [166].
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Figure 6: Simplified illustration of the principle of triangulation (a) and derivation
of the 3D marker position from two camera images (b).
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Their main drawback is the line-of-sight requirement which limits their use
to rigid instruments.
Acoustic systems are unobtrusive, wireless and compute an object’s pose
with sufficient accuracy in a sufficiently sized work volume for medical
applications [166]. Despite this, they are rarely used in image-guided
systems because they generally require that a single emitter fires at a time,
and that there be a time delay between them in order for their location to
be estimated. In consequence, reliable pose estimation is mostly limited to
static objects. Furthermore, ultrasonic systems also impose the line-of-sight
constraint between emitters and detectors.
Magnetic systems such as the Aurora® system (Northern Digital Inc., On-
tario, Canada) or the microBIRD™ (Ascension Technology Corp., Burling-
ton, VT, USA), on the other hand, do not suffer from the line-of-sight
constraint and can track flexible instruments inside the body. Refresh
rates are sufficient for most medical procedures [166]. The main draw-
back of electromagnetic systems, on the other hand, is the fact that their
performance is often limited by the presence of metal in the vicinity of
the magnetic field transmitter or the sensors [122]. Manufacturers have
strived to make their systems more robust with respect to their environment
with some recent success (cf. [166]), and users have addressed the issue
by developing a variety of correction schemes for electromagnetic field
distortions using mechanical devices, robots, and optical tracking systems
to establish ground truth (cf. e.g. [74]). Recently, some efforts have been
made to develop hybrid systems combining the advantages of optical and
magnetic devices (cf. e.g. [15, 72]). When there is no line-of-sight between a
tool and the optical tracking system, the magnetic system takes over. Due
to the recent development of smaller sensors with a diameter of the order
of magnitude of 1 mm, which can be embedded at the tips of medical
instruments, electromagnetic tracking systems are increasingly applied in
soft tissue navigation systems (e.g. [78, 109, 169]).
Tracking errors
Many different sources of errors contribute to the final error of a tracking
system as discussed at length by Bauer et al. [11]. A useful representation
of errors in measurement systems is the so-called root mean square (RMS)
error [11]. Let
{
~xj
}
be a set of measurement with corresponding ground
truth values
{
~xj
ref
}
(j = 1, . . . ,N). Then the RMS error RMS is computed
as:
RMS =
√√√√ 1
N
N∑
j=1
∥∥∥~xj − ~xjref∥∥∥2 (3.1)
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where ‖.‖ is usually chosen as the Euclidean norm. The accuracy of
a tracking system is generally given as the RMS error of tracking a fidu-
cial/sensor within the measurement volume of the system.
In general, the user is not interested in the accuracy of tracking a single
fiducial, but in the accuracy of tracking a target connected rigidly to a
set of fiducials, such as the tip of a needle-shaped instrument. This error
is referred to as TRE. Section 3.2.3 (→ Point matching) describes how to
predict the TRE from the FLE and the tool geometry. Bauer et al. [10, 11]
further presented a method for estimating the expected accuracy in optical
systems for a given camera configuration and a specific target at a specified
pose inside the tracking volume.
Tool design
As the expected TRE depends crucially on the fiducial configuration, tool
design is important when developing an image-guided system. West et
al. [158] analyzed the tracking error for various fiducial configurations
and gave design advices for optically tracked pointing devices and endo-
scopes. In general, the following rules of thumb should be considered
when designing a tool [11]:
1. Use many fiducials: It can be shown that the expected squared TRE is
inversely proportional to the number n of fiducials [42]. Using many
fiducials is thus helpful for reducing the expected TRE. It should be
noted, however, that increasing n also leads to higher weight of the
tracked tool and - in the case of volumetric markers - increases the
occurrence of occlusions between the fiducials.
2. Put the centroid close to the point of interest: The expected TRE is
minimal at the centroid of the markers [42] and increases linearly
with the distance from the centroid [11].
3. Use a larger diameter for the marker distribution: It can be shown that
increasing the diameter of the marker distribution increases tracking
accuracy [11, 42].
3.2.3 Initial registration
In the context of image-guided therapy, the term registration refers to
the process of determining a transformation that maps positions in one
coordinate system to corresponding positions in another coordinate system.
At the beginning of an image-guided intervention, the coordinate system
in which the surgical plan was specified must be aligned to a coordinate
system in the OR, e.g., the tracking coordinate system. The most wide-
spread approaches applied for this purpose are presented in the following
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paragraphs. As this thesis applies a point-based registration approach, this
method receives the most attention.
Point matching
Point-based registration involves identification of homologous structures
in both the image and on the patient and estimation of a geometrical
transformation that maps corresponding points onto each other. The
commercially available systems generally assume a rigid transformation
Φ(~p) = R~p+~t with a rotation matrix R and a translation vector ~t. Let
P =
{
~pj
}
be a point set to be registered with another point set Q =
{
~qj
}
,
where each point ~pj corresponds to the point ~qj with the same index
(j = 1, . . . ,N). Then Φ is defined as the rigid-body transformation that
minimizes the cost function:
RMS(Φ) =
√√√√ 1
N
N∑
j=1
∥∥ ~qj −Φ( ~pj)∥∥22 (3.2)
where ‖.‖2 denotes the Euclidean norm. A unique solution exists if and
only if the point sets P and Q contain at least three noncollinear points. Sev-
eral closed form solutions for the problem have been derived (e.g. Horn et
al. [58]).
In neurosurgery, possible landmarks used for point based registration in-
clude the outer canthi of the eyes, the tragus of the ears and the nasion [122].
One approach employs a tracked pointer to identify landmarks on the pa-
tient, and the same structures are then identified via a cursor within the
pre-operative planning image of the patient. While widely used, the point
based registration approach has several limitations. First, it can be difficult
to precisely identify the locations of the landmark points on the patient.
Second, the registration accuracy depends crucially on the number and
distribution of the chosen landmarks [42]. The accuracy of point matching
procedures can be improved by using artificial landmarks (as opposed to
anatomical landmarks), namely skin adhesive or implantable fiducials [99].
These markers can either be tracked themselves or be precisely located
by a tracked pointer in patient space. Furthermore, the landmarks can
potentially be extracted automatically from the planning image.
In soft tissue navigation, the use of anatomical landmarks is generally
not feasible, and skin fiducials are often applied for the registration process
(cf. e.g. [6, 72, 78, 141]). To avoid attaching markers to the patient, Das et
al. [30] as well as Nagel et al. [110] apply a calibration phantom providing
both image markers and tracking markers with known distances to each
other. Furthermore, Nagel et al. [110] use a vacuum matress to minimize
patient movement during the registration process as well as during the
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intervention. Recently, Krücker et al. [78] expanded the point based regis-
tration approach by using previous instrument positions extracted from
repeated control CT scans for improving registration precision obtained
from skin markers.
In general, there are three useful measures of error for analyzing the
accuracy of point-based registration methods [99]:
• Fiducial localization error (FLE): Error in locating the points (fiducials)
used for registration.
• Fiducial registration error (FRE): RMS distance between correspond-
ing fiducials after registration (eq. 3.2).
• Target registration error (TRE): Distance between corresponding
points other than the fiducials after registration.
In many applications, the FRE is used as a figure of merit for registration
accuracy [146]. However, Fitzpatrick et al. [42] showed that this may be
misleading because unlike the TRE, the FRE does not depend on the fiducial
configuration. It can, however, be used as an estimate of the FLE [100].
Fitzpatrick et al. [42] were the first to derive a closed-form solution to
estimate the expected squared value of the TRE in rigid-body point-based
registration. Assuming an identical and isotropic Gaussian distribution
of the FLE, the authors showed that the TRE depends crucially on (1) the
FLE, (2) the number of fiducials, and (3) the fiducial configuration. Sub-
sequently, several different approaches have been developed to estimate
either the mean squared value of the TRE [84, 160] or the distribution of
the TRE [41, 10, 106, 107, 138] under different noise conditions. Moghari et
al. [108] recently compared the different methods for estimating the TRE
and verified that in the presence of isotropic and identical zero-mean Gaus-
sian noise for the FLE, all algorithms estimate the same distribution of
the TRE. However, under heterogenous zero-mean Gaussian distribution,
the different methods yield considerably different results. In general, the
theoretical models of the TRE can only be as good as the noise models
they use, and prediction of the TRE in point-based registration remains an
active field of research.
Monte-Carlo simulation is another method for simulating the behavior of
complex systems which is often used for error propagation [11]. To compute
the Monte-Carlo simulation of a function f(~x), where ~x is a vector with
several possibly independent random variables with arbitrary distributions,
samples ~xi are drawn randomly from the distributions and the function
value f(~xi) is computed accordingly. By repeating the procedure sufficiently
often, the distribution of the TRE can be computed from the distribution of
the FLE with this method. While Monte-Carlo simulation is a very useful
tool for offline accuracy analysis due to its flexibility, it has only limited
use when the computing time is restricted, as in online error estimation.
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Surface matching
In surface matching, a surface extracted from the planning image is mapped
to the same surface in patient space. The latter can for example be acquired
as a point cloud with a tracked pointer. Some commercially available
neurosurgical systems use the patient’s face for this purpose. Herline et
al. [55] applied surface matching in the liver in an open procedure. An
optically-tracked pointer was used to capture the surface of the liver and
the obtained point cloud was fitted to the segmented liver surface obtained
from a pre-operative CT scan. Cash et al. [22] used laser range scanning
for intra-operative surface registration. According to a recent literature re-
search, however, surface matching has not yet been applied in percutaneous
abdominal interventions.
Imaging device calibration
An intra-interventional imaging modality such as ultrasound or C-arm is
calibrated and tracked to establish a relationship to the tracking system.
The images, patient, and tracking system are thus intrinsically registered.
This approach is very fast, but image quality is low, and there is no transfer
from pre-interventional planning data to the patient [166]. In addition,
calibration of imaging devices with high accuracy is challenging.
Several groups [8, 56, 70, 119] applied a calibrated tracked US probe for
registering image space with patient space. Feuerstein et al. [39] introduced
a laparoscopic navigation system, which combines an isocentric C-arm
with an optical tracking system for port placement planning and vessel
visualization during resection interventions of liver or kidney. By track-
ing both the calibrated C-arm and the laparoscope, the intra-operatively
acquired CT volume can be augmented on the laparoscope video.
3.2.4 Real-time motion compensation
In rigid organ navigation, a single registration procedure at the beginning
of the medical intervention is performed because the target structures are
assumed to hold a constant position throughout the intervention. This also
holds for navigation systems for neurosurgery, although several studies
showed that the morphology of the brain can change dramatically after the
opening of the skull (brain shift). Peters et al. [122] reviewed the efforts to
compensate for this effect. In soft tissue procedures, shift and deformation
of the organs is even more dramatic. Although tracking of and correction
for organ movement is of high concern, the lack of robust solutions has
limited the use of image-guided approaches in this area to date [122]. The
following paragraphs introduce the motion compensation approaches that
have been proposed so far.
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Gating
Gating techniques [32] are based on the assumption that the target organ
re-occupies the same position at identical points in the respiratory cycle.
This approach permits the approximation of a motionless target organ,
provided that the intervention is conducted exclusively in a predefined
state within the breathing cycle. End-exhalation is the state most often
chosen, because it represents the longest natural pause in the respiratory
cycle [5]. To prevent the patients from moving, they can be immobilized via
a vaccuum mattress as proposed by Nagel et al. [110] and Kenngott et al. [68].
Gating techniques allow applying the initial registration (cf. section 3.2.3)
throughout the intervention. While very simple, the approach has two
major drawbacks: First, it requires identification of corresponding states
in successive respiratory cycles. Second, several studies indicate that
abdominal organs do not reliably reassume the same positions at equivalent
states within the breathing cycle (cf. section 2.2).
Fiducial based motion compensation
A set of trackable fiducials1 is placed onto the skin (external fiducials),
and/or inside the target organ (internal fiducials), and the position of the
target is continuously estimated with either a rigid transformation compen-
sating for patient movement or with a non-rigid deformation model which
can additionally capture organ deformation.
Most groups apply only external fiducials because they are not invasive
and perform gated experiments [72, 78, 113]. Levy et al. [81, 82] apply one
electromagnetically tracked internal fiducial to determine the timing of the
pause in respiratory-related organ motion and thus indirectly the optimal
target position. In a recent study, Krücker et al. [77] performed experiments
in a porcine model to investigate registration and motion correction meth-
ods in the presence of respiratory motion. The authors applied either a set
of skin fiducials or a set of fiducial needles for this purpose and concluded
that respiratory motion can be compensated throughout the respiratory
cycle when using internal fiducials.
Surface based motion compensation
The organ surface is captured intra-interventionally (e.g., via a laser scan-
ner [22, 23, 24]), and a deformation model can be applied to estimate the
target position accordingly. According to a recent literature search, this
approach has only been applied to open procedures.
1 As already mentioned above, the meaning of the term fiducial depends crucially on the
context. In this thesis, it may refer to a to a feature point locatable by a tracking sys-
tem (cf. section 3.2.2), to reference markers attached to the patient for motion compensation,
or to control-point in point-based registration.
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Image-based motion compensation
A tracked real-time imaging modality, such as ultrasound or X-ray, is
applied to update the image guidance system with the current anatomy.
Hong et al. [57] published first efforts to segment both the tumor and the
instrument in real-time from 2D US images. Wei et al. [155] proposed a
method for segmenting and tracking brachytherapy needles inserted along
oblique trajectories from 3D transrectal US in near real-time.
To avoid real-time segmentation, a tracked instrument can be visualized
in the intra-interventionally acquired images if the imaging device was
calibrated prior to the intervention (cf. [8, 39, 56]). Intra-interventional in-
strument guidance additionally requires extraction of the target position in
real-time. This can be achieved by continuously registering pre-operatively
acquired images to the incoming intra-operative images. Wein et al. [156]
simulated US images from CT images for fully-automatic alignment of a
freehand US sweep with CT data. The approach is promising but needs
further investigation to be applied for real-time motion compensation. In
conclusion, fast, robust and accurate image-based motion compensation is
still the subject of ongoing research.
Motion compensation with a trained model
A model characterizing organ movement is computed in a pre-interventional
learning phase and applied to update the patient’s anatomy in real-time dur-
ing the intervention. Some groups investigated estimating internal organ
motion from the movement of the skin. Schweikard et al. [133] combined
real-time tracking of skin fiducials with occasional detection of implanted
internal fiducials based on X-ray imaging for motion compensation during
radiosurgery. During an initialization phase, a correlation model relating
internal and external movement is learnt. This model is continuously up-
dated during treatment to compensate for other, non-respiratory motion.
The concept has been in clinical use for several years now [117], but has
the major disadvantage of relying on implanted fiducials and of delivering
high doses of radiation to the patient.
Khamene et al. [71] utilized 4D MRI and tracked magnetic skin fidu-
cials to correlate internal organ motion with skin movement in a pre-
interventional learning phase. The approach showed promising results in
an experimental study.
Blackall et al. [16] presented a method for incorporation of a respiratory
motion model into a non-rigid registration algorithm for registering 3D
pre-interventional images to intra-interventionally acquired 2D US images.
In a pre-interventional learning phase, a set of MR images is acquired to
establish a model characterizing respiration induced organ motion. During
the intervention, this model constraints the search space of a non-rigid
registration algorithm. The approach showed promising accuracy but a
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single slice registration took 15 min, which is not fast enough for real-time
guidance.
Biomechanical approaches
Biomechanical models allow priors about the realistic behaviour of tissue
to be introduced as additional constraints [21]. In general, a computational
model that can simulate deformations is used to warp pre-interventional
images to reflect the intra-interventional situation. Carter et al. [21] provide
a broad review of biomechanical modelling for compensating for soft tissue
deformation during image-guided surgery. While physics-based concepts
such as finite element models have been applied in surgery simulation
with success to simulate organ deformation [21], the methods have not
yet successfully been applied to percutaneous soft tissue interventions.
This can be attributed to the fact that (1) they require that the material
properties, constitutive equations and boundary conditions are known and
(2) they are computationally very expensive. To overcome these problems,
Hostettler et al. [60, 61] proposed a method for predicting internal organ
motion induced by breathing from the abdominal skin position based on
a single planning CT. The approach is based on the assumption that the
volume of the viscera and the tissue thickness between skin and organs
remains constant. In consequence, the position of the diaphragm can be
induced from the position of the abdominal skin, which is optically tracked
in real-time. Although promising, this approach is still under development
and needs further investigation.
3.2.5 Guidance
The goal of data visualization in image guided procedures is to concisely
convey the relevant information for the successful completion of the in-
tervention [166]. Existing methods for displaying 3D information are
presented and discussed extensively in the review articles by Yaniv et
al. [166] and Baumhauer et al. [12]. In this section, we focus on the pro-
posed concepts for targeting an anatomical structure with a needle-shaped
instrument. As illustrated in Fig. 7, a simple 3D visualization of the scene
is not sufficient to guide the operator to the target.
Classical display techniques
Multi-planar reformatting (MPR), or multiplanar reconstruction is a term
used in medical imaging to refer to the reconstruction of images in the
coronal and sagittal planes in conjunction with the original axial dataset.
Many image-guided systems provide an MPR view in addition to a 3D
virtual environment generated from the reconstructed 3D imaging data.
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Target
(a)
Target
(b)
Figure 7: Classical 3D overview showing the same scene from two different per-
spectives. The target appears to be hit in image (a), but the instrument
has not even been inserted into the liver, as shown in image (b).
Some systems further present the planned trajectory by a tube-shaped
object as shown by means of example in Fig. 8 and Fig. 9.
Levy et al. [81] provide a fourth view, in addition to the MPR view,
showing color-coded crosshairs representing target, needle tip, and needle
hub, which must be overlapped for successful puncture (Fig. 10).
Nicolau et al. [112] presented a visualization approach showing the scene
from a virtual camera placed in the tip of the instrument with the view
direction along the needle axis (Fig. 11).
Video-based augmented reality visualization
Video-based augmented reality (AR) systems provide guidance by overlay-
ing the video imagery with information about the anatomical structures
and tools that are underneath the visible surface. Information can be dis-
played either on a screen (cf. Fig. 11) or directly into the optical device used
to view the anatomy. Das et al. [30] use a video-see-through head-mounted
display for AR guidance in abdominal interventions. Both the optical
tracking camera and the scene camera are attached to a helmet (Fig. 12(a)),
such that the line-of-sight between the tracking camera and the optical
markers is not obscured by the operators body. The device provides two
visualization screens showing augmented live video streams (Fig. 12(b)).
A virtual cylinder serves as a linear extension of the needle from its tip to
facilitate aiming the instrument at the target.
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Figure 8: Visualization scheme provided by the “AutoPilot” (BrainLAB®, Feld-
kirchen, Germany). In addition to the MPR, a helical channel is shown
representing the trajectory to the target (source: BrainLAB®).
Tomographic image overlay
Tomographic image overlay systems provide guidance using an image
display approach that incorporates semi-transparent mirrors (Fig. 13(a)).
Fichtiger et al. [40] apply the concept for computer-guided needle inser-
tion (Fig. 13(b)). A monitor and a semi-transparent mirror are positioned
such that the reflected image from the monitor appears to float inside the
patient. System operation involves a calibration step which assures that
the reflection in the mirror is physically accurate. Calibration is valid as
long as the spatial relationship between the mirror, monitor, and imaging
device is constant. System accuracy depends on the geometric accuracy of
the images and the accuracy of the calibration procedure. One advantage
of this concept is that it enables the physician to focus his attention to the
interventional site. On the other hand, the mirror restricts access to the
patient. According to a recent literature search, tomographic image overlay
systems have not yet been combined with motion compensation methods
(only with gating).
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Figure 9: Visualization scheme provided by the “BrainNavigator” [20] developed
by LOCALITE GmbH (Sankt Augustin, Germany). The generated guid-
ance image shows the navigation scence from the perspective of a virtual
camera placed onto the axis defined by the planned trajectory. (Reprinted
with permission from Bublat et al. [20].)
Figure 10: Visualization scheme provided by Levy et al. [81]. The puncture needle
position (blue) is superimposed on the planned trajectory (pink) in
the axial, coronal and saggital slices. In a fourth window, color-coded
crosshairs represent target, needle tip and needle hub, which must be
overlapped for successful puncture. (Reprinted with permission from
Levy et al. [81].)
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Figure 11: Visualization scheme provided by Nicolau et al. [112]. It shows an
augmented video image (bottom, left), a virtual reconstruction of the
scene (right), and an image showing the scene from the view of a virtual
camera placed in the tip of the instrument with the view direction along
the needle axis. (Reprinted with permission from Nicolau et al. [112].)
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(a)
(b)
Figure 12: Visualization scheme provided by Das et al. [30]. Two visualization
screens (striped arrow) allow exploration of the augmented scene from
a variety of viewpoints. The camera triplet has a stereo pair of scene
cameras (open arrows) to capture the scene and a dedicated tracking
camera (solid arrow) with dedicated light-emitting diodes to generate
a constant infrared flash (a). Augmented scene, as viewed by the
operator, demonstrates a thin blue-colored cylinder that represents
the virtual needle. The thin green-colored cylinder represents the
extrapolated needle trajectory extending from the needle tip. The white
grid superimposed on the outer perimeter of the interventional phantom
provides additional depth cues (b). (Reprinted with permission from
Das et al. [30].) 41
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(a)
(b)
Figure 13: Concept of the 2D tomographic image overlay: A flat display and a
semi-transparent mirror are co-aligned with the CT scanner to produce
an image to guide interventions (a). Image overlay system that creates
the floating image in the scan plane of the CT gantry (b). (Reprinted
with permission from Fichtinger et al. [40].)
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4A P P R O A C H
A good idea will keep you awake during the morning,
but a great idea will keep you awake during the night.
— Marilyn vos Savant
The main objective of this work was to design, implement and evaluate
a clinically applicable concept for computer-assisted percutaneous needle
insertion into soft tissue that is capable of capturing and compensating for
intra-interventional organ motion. This chapter presents the fundamental
design decisions that were made to meet these requirements (section 4.1),
the clinical workflow implied by the design (section 4.2) and an overview
of the implementation of the developed prototype system (section 4.3).
Furthermore, it provides a hierarchical model of the sources of errors
associated with the novel concept (section 4.4).
4.1 fundamental design decisions
Based on the state of the art in computer-assisted abdominal interventions
discussed in chapter 3, the following design decisions were made:
imaging : CT was chosen as imaging modality because it is widely avail-
able, provides high image quality and is employed by our clinical partners
in image-guided abdominal interventions (cf. section 3.2.1). Due to its high
resolution and high contrast images, it is well suited for fiducial-based regis-
tration of the tracking coordinate system with the image coordinate system.
In contrast to MRI, it does not make complex demands on the material
properties of the employed instruments, and is associated with low costs.
Compared to US, it does not require extensive operator training for image
acquisition, does not present an intrusion into the operating field and can
acquire large 3D volumes. One of the main disadvantages of CT guidance
- the use of ionizing radiation - can be reduced by providing computer
assistance for the needle insertion process: If the system is accurate, the
needle position does not need to be checked repeatedly in control CT scans,
and the radiation exposure to the patient can be reduced. Furthermore,
the use of a tracking system in combination with a motion compensation
method allows for providing real-time positional information throughout
the intervention, although the CT images themselves can only be acquired
at discrete points in time.
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Figure 14: Navigation system in the intervention room. (Reprinted with permis-
sion from [96])).
tracking system: An optical tracking device is employed for instru-
ment tracking because optical systems have the distinct advantage of
allowing for concurrent tracking of several dynamic targets with high
accuracy and, at the same time, providing robust performance with re-
gard to the environment (cf. section 3.2.2). As the presented navigation
approach relies on pre-interventionally acquired static images and does
not incorporate real-time imaging data, robust tracking accuracy is of high
concern. In contrast to electromagnetic systems, optical systems impose
the line-of-sight requirement between the tracking systems and the tracked
objects. However, if the targets are detected, tracking accuracy is high, and
the maximum error (95% confidence interval) is small compared to other
systems.
initial registration : As the navigation concept should be highly ac-
curate, needle-shaped fiducials (fiducial needles, or navigation aids) inserted
in the vicinity of the target are utilized for registering the tracking coordi-
nate system with the image coordinate system. Unlike other registration
approaches (cf. section 3.2.3) this methods allows for using points inside
the target organ itself to be used for the registration procedure and does
not require additional hardware such as an ultrasound device. According
Fitzpatrick et al. [41], the TRE decreases with an increasing proximity of
the fiducials to the target. The fact that the use of fiducial needles ini-
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tially increases the invasiveness of the intervention can be compensated by
eliminating the need for repeated instrument insertions.
motion compensation: Like the initial registration procedure, the
motion compensation method is based on the fiducial needles. Depend-
ing on the location of the target relative to the fiducials and the type of
respiration (mechanical ventilation or spontaneous breathing), an appropri-
ate deformation model (e.g., rigid, affine, spline-based) is selected which
continuously estimates the current position of the target from the initial
and current poses of the fiducial needles. As this project was part of
the Research Training Group 1126: Intelligent Surgery, the objective was to
develop a concept which could be implemented and clinically evaluated
within a time-frame of three years. In consequence, biomechanical models
and image based approaches to motion compensation were excluded from
consideration because they were not expected to be sufficiently fast and
robust for clinical trials (cf. section 3.2.4). Due to the generally irregular res-
piratory pattern of freely breathing patients, a concept based on a trained
model was also rejected. Instead, a needle-based navigation approach was
chosen because, unlike all other methods, it allows for robust real-time
tracking of points inside the target organ that move similar to the target
itself and was thus expected to yield high accuracy.
guidance : To keep the required equipment minimal and thus to allow
for a cost-efficient, clinically applicable workflow, all guidance informa-
tion is displayed on a single external monitor, and no special hardware
such as a head-mounted display or a tomographic image overlay system
is applied (Fig. 14). The developed visualization scheme is adapted to
the actions taken by the physician during the targeting procedure, namely
finding the entry point (tip positioning), directing the instrument to point
toward the target point (needle alignment) and inserting the needle towards
the target (needle insertion). In each step, the relevant information is ex-
tracted and presented such that the user understands intuitively how to
move the instrument.
evaluation: To evaluate the novel approach, a prototype system for
percutaneous needle insertion into the liver was developed and evaluated
in two stages. First, the individual modules of the system were developed
and evaluated individually (stage 1). This allowed for quantification of the
different errors contributing to the overall needle insertion error. Once, the
individual system modules had been optimized individually, the prototype
system was evaluated in the clinical workflow (stage 2). To reduce the
number of animal experiments in this context, a respiratory liver motion
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simulator was developed to serve as patient model for ex-vivo1 experiments
in porcine and human livers. Based on an ex-vivo study, the system was
then further refined and finally, evaluated in-vivo. For this purpose, the
needle insertion accuracy was assessed and compared to the targeting ac-
curacy obtained from other systems published in related work. In addition,
the novel approach was compared to the conventional CT-guided needle
insertion method with respect to radiation exposure to the patient, accuracy
and time.
4.2 workflow
The detailled workflow associated with the presented navigation concept
is shown in Fig. 15. The procedure is based on a 3D diagnostic image
(typically CT or MRI) acquired before the intervention (not necessarily on
the day of the procedure) and comprises the following steps:
1. Pre-interventional planning: Depending on the type of the procedure
(e.g., RFA, biopsy) and the physical condition of the patient, the
physician decides on the type of anesthesia and thus on the type of
respiration (mechanical ventilation or spontaneous breathing). Fur-
thermore, the number of fiducial needles is chosen based on the size
and the location of the tumor extracted from the pre-interventional
image as well as on the type of anesthesia. This decision requires
considering the tradeoff between accuracy and invasiveness: In ven-
tilated patients, for example, only one or two fiducial needles are
likely to yield sufficiently high accuracy in many cases because a
specific state within the breathing cycle (and the corresponding target
position) can be assumed to be reproducible more easily than in freely
breathing patients. In contrast, a small tumor in a freely breathing
patient may require higher accuracy and thus more fiducials.
2. Intra-interventional preparation: Once the patient has been prepared for
the intervention (i.e., brought to the CT room, anesthetized, etc.), the
following steps are necessary for computer-assisted needle insertion:
a) Fiducial insertion: The fiducial needles are inserted in the vicinity
of the target either without real-time guidance based on the
planning image (if there is no significant risk of injuring risk
structures) or with a US device. If more than two navigation aids
are used, the target should be located in the volume spanned by
the needles. If two needles are used, they should be placed along
the cranio-caudal axis and enclose the target. If only one fiducial
needle is used it should be inserted as close as possible to the
1 ex-vivo: Outside of the living body. Refers to experimentation or measurements done in or
on living tissue in an artificial environment outside the organism.
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Figure 15: Detailed workflow for computer-assisted needle insertion. The param-
eter T defines the maximally allowed FRE and can be computed from
the fiducial arrangement, the target position and the maximally allowed
value of the TRE [42].
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target. To prevent the needles from slipping out they should
be anchored within the tissue or be affixed to the skin of the
patient.
b) CT acquisition: Once the fiducials have been inserted, a high
resolution planning image is acquired and transferred to the
navigation PC. As the resolution of the planning image has
a direct effect on the registration accuracy, the slice thickness
should be of the order of magnitude of 1 mm. To allow for fast
data transfer from the CT scanner to the navigation system, the
developed software can be run as a plugin within the CHILI® Re-
port workstation software (CHILI GmbH, Heidelberg, Germany)
as part of the CHILI® Picture Archiving and Communication
System2 (PACS) [36] (cf. section 4.3).
c) Fiducial localization: To allow for registration of the tracking coor-
dinate system with the image coordinate system, the navigation
aids must be located accurately in the planning image. For this
purpose, models of the fiducials are automatically fit into the
image. If the operator is not satisfied with the result, he can
modify the poses of the navigation aids manually (e.g., via drag
and drop) or semi-automatically.
d) Path planning: For the purpose of path planning, the tumor is
segmented semi-automatically on the basis of the graph-cut
algorithm [18], and the target is by default set to the center
or gravity of the segmented lesion. A path planning module
supports the operator in choosing a trajectory to the target. This
module provides different views for judging the quality of the
chosen trajectory.
e) Initial registration: To initially register the tracking coordinate
system with the CT coordinate system, the fiducials are tracked
over several breathing cycles. For each point in time t, a rigid
transformation Φt is determined that best maps the registered
fiducials onto the tracked fiducials. The transformation Φtˆ
yielding the best match (represented by the associated FRE) is
then chosen as the transformation defining the initial registration.
If the fiducials do not match well, the planning CT scan can be
re-acquired. It is worth noting that, unlike the TRE, the FRE
is approximately independent of the fiducial configuration and
thus a poor indicator for the TRE. It can, however, be used
to estimate the FLE, which in turn allows for predicting the
TRE based on the target position and the arrangement of the
fiducials [41].
2 PACS: Computers or networks dedicated to the storage, retrieval, distribution and presen-
tation of medical images
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3. Targeting: In the preferred setup, the tracking system and the naviga-
tion monitor are placed on one side of the patient, and the operator
stands on the other side as shown in Fig. 14. The fiducial needles are
continuously located by a tracking system, and a real-time deforma-
tion model is used to estimate the position of the target point based
on the initial and current poses of the fiducials. The chosen defor-
mation model depends on the number and location of the fiducial
needles as well as on the type of intervention (ventilated and thus
gated or freely breathing). To allow for fast needle insertion along
the planned trajectory, a navigation monitor guides the physician
towards the moving target.
This workflow requires additional preparation time compared to the
conventional liver puncture workflow (cf. Fig. 5). However, due to the guid-
ance mechanism, there is no need for repeated redirecting and advancing
of the instrument, and the actual targeting can be performed extremely fast
as compared to the conventional method.
4.3 implementation
The navigation software was implemented in the programming language
C++ and drew upon the following toolkits:
insight segmentation and registration toolkit (itk): Open-
source cross-platform application development framework imple-
mented in C++ which employs leading-edge segmentation and regis-
tration algorithms in two, three, and more dimensions [63].
the visualization toolkit (vtk): Open-source cross-platform graph-
ics toolkit implemented in C++ [132] which can be regarded as the
de facto standard for 3D visualization in medical imaging applica-
tions [164].
medical imaging interaction toolkit (mitk): Open-source cross-
platform library based on ITK and VTK which provides methods
of developing interactive medical imaging applications [164]. MITK
extends ITK and VTK with an application layer that adds user inter-
action, data management, and other features needed to build end
user image processing applications.
Although MITK is a toolkit rather than an application, it also provides an
application environment into which new modules can be integrated. The
application-level support classes are graphical user interface (GUI)-toolkit
dependent and are currently implemented for Qt - a cross-platform applica-
tion framework widely used for the development of GUI programs. Among
others, the application-level support includes a concept for the structured
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Figure 16: Simplified representation of the software components developed for
the navigation software. Apart from the Tracking component and the
Segmentation component, which were re-used from other projects, the
components were developed especially for the proposed navigation
system and are now realized as individual functionalities in the MITK
framework. The data flow between the components (boxes) is visualized
via interfaces (spheres). In practice, all data produced by the individual
funtionalities is stored in a globally accessible data tree. For means of
clarity, the planning CT, which is accessed by almost all components
via the data tree, is not shown in the diagram.
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Figure 17: Screenshot of the Path planning functionality, which provides means
for planning a trajectory from the skin of the patient to an anatomical
target.
combination of application-specific modules, so-called functionalities. A
functionality combines a user interface with algorithmic function for a
specific task. MITK based applications can be run as plugins within the
CHILI® Report workstation software as part of the CHILI® PACS, allowing
all application modules to access the contents of a PACS database [36].
MITK allows hierarchically organizing the data at run-time in a tree-like
structure, called the data tree, which is globally accessible. This allows for
communication between functionalities without making them dependent
on each other: Each functionality accesses the data objects contained in
the tree, changes them and/or creates new data objects. Other function-
alities can continue to work on the changed and/or newly created data
tree entries. For this purpose, the individual objects in the data tree, called
data tree nodes, can be assigned so-called properties of arbitrary type. For
example, a segmentation functionality may assign the boolean property
critical_structure with the value true to all segmentations that repre-
sent a critical structure in the current context. A path planning functionality
may then iterate over the data tree to identify all anatomical structures to be
taken into consideration and optimize a trajectory to the target accordingly.
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The concept of a common data structure is suitable for navigation soft-
ware because it allows for modelling the complex workflow as a pipeline
of functionalities that may have, in part, been developed independently
of each other. A tumor segmentation functionality, for example, can po-
tentially be used in a variety of medical applications. The navigation
software developed for this project comprises individual functionalities for
object localization, path planning, motion compensation and guidance as
shown in Fig. 16. Figure 17 shows a screenshot of one of the functionalities
developed for this project.
4.4 sources of error
Each module of the developed prototype system effects the overall targeting
accuracy during an intervention. To allow for a systematic evaluation of
the proposed approach, this section presents a hierarchical reprentation of
the most important sources of error contributing to the overall error. The
targeting error, which is the error of hitting a predefined target with the
tip of a needle-shaped instrument, is represented by the root node of the
diagram shown in Fig. 18. The children c(e) = {c1(e), · · · , cn(e)} of a node
e represent the sources causing error e, that is, if all children ci(e) of e are
associated with no error, then the error of that node is zero:
ci(e) = 0 ∀i ∈ {1, · · · ,n}⇒ e = 0 (4.1)
For example, if the instrument could be tracked with no error (Instrument
tracking error= 0), and the position of the target could be estimated perfectly
(TRE = 0), then there would be no system error (System error= 0). For
means of clarity, the entire error tree was split into subtrees representing
the instrument tracking error (Fig. 19), the TRE (Fig. 20), and the user
error (Fig. 21). The leaves of the tree are associated with influencing factors
that affect the error. For example, the user error depends highly on the
provided guidance method (Fig. 21). In some cases, the degree of influence
of a source of error (child) on its parent can be determined by additional
factors not shown in the diagram. For example, the degree of influence of
the FLE on the TRE depends crucially on the configuration of the fiducials
as well as on the position of the target.
The following sections describe the most important sources of error in
detail.
4.4.1 Tracking error
As described in section 3.2.2, optical tracking systems apply two or more
cameras with known poses to each other to locate feature points attached
to the objects to be tracked. In the following, these feature points will
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Figure 18: Hierarchical representation of the sources of error associated with the
presented approach. The overall targeting error is represented by the
root node. The children of a node e represent the sources of error
causing e, that is, if all children ci(e) of e are associated with no error
(ci(e) = 0; i = 1, · · · ,n), then the error of that node is zero (e = 0).
For means of clarity, the tree was split into subtrees representing the
tracking error (Fig. 19), the TRE (Fig. 20), and the user error (Fig. 21).
be referred to as markers, and the tool tracking error refers to the error of
determinining the pose (i.e., the position and orientation) of a tracking
target connected rigidly to a set of markers (e.g., the tip of a tracked tool)
in the tracking coordinate system. In this context, the term tool may refer
to a fiducial needle used for motion compensation or to the instrument
used for targeting a given anatomical structure. It is worth noting that the
Tracking subtree appears twice in the error hierarchy because it applies to
both the instrument and the fiducials.
The tool tracking error results from (1) the 3D marker localization error,
and (2) an erroneous tool geometry (Fig. 19) as described in the following
paragraphs.
3D marker localization error
In optical systems, each camera locates the individual markers on the object
in a 2D image, and the information from all cameras is merged to obtain
a 3D image via triangulation as illustrated in Fig. 6. The process requires
accurate knowledge of the camera geometry represented by the so-called
extrinsic3 and intrinsic4 camera parameters [11]. The accuracy of locating
3 Extrinsic camera parameters: Parameters that define the pose of an individual camera’s
reference frame with respect to a known reference frame. In a two-camera setup, these
parameters typically describe the rigid transformation aligning the axes of the coordinate
systems of the individual cameras.
4 Intrinsic camera parameters: Parameters necessary to link the pixel coordinates of an
image point with the corresponding coordinates in the individual camera’s reference
frame.
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Figure 19: Hierarchical representation of the sources of error associated with the
instrument and fiducial tracking error.
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Figure 20: Hierarchical representation of the sources of error associated with the
TRE.
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a single marker in the 3D measurement volume thus depends on the 2D
marker localization error in the individual camera images and an accurate
knowledge of the camera geometry:
• 2D marker localization error: The 2D marker localization error de-
pends on the following factors:
– Camera properties: Marker tracking accuracy improves with
increased camera resolution and improved lense quality and
depends on the geometrical setup of the cameras [11].
– Marker localization algorithm: The quality of the 2D feature de-
tection algorithm is crucial for accurate marker localization [11].
– Marker properties: The performance of the feature detection
algorithm depends on the material properties of the markers
and increases with an increasing size of the marker relative to
the image plane [11].
– Marker pose: Accurate marker localization depends highly on
the pose of the marker within the measurement volume of the
tracking system. As already mentioned above, the size of the
marker relative to the image plane plays an important role in
this context. When flat markers are utilized, the orientation of
the marker panel relative to the tracking system is also crucial.
– Marker motion: Tracking errors due to marker motion relative
to the cameras (dynamic tracking errors) are mainly caused by
end-to-end delay from the time of the measurement until the
application displays or uses the data [11]. Furthermore, marker
motion leads to image blur. In consequence, tracking accuracy
decreases with increased speed of the tracked marker relative to
the cameras [86].
– Occlusion: Partial occlusion of a marker by other objects can
lead to a shift in the estimated marker center, or the marker may
not even be recognized at all.
– Illumination conditions: Tracking accuracy can be highly depen-
dent on illumination conditions. In passive systems, tracking
error typically increases with decreasing light intensity [86]. Fur-
thermore, anisotropic lighting behaviour may lead to a shift in
the estimated fiducial center [11].
• Erroneous camara geometry: An erroneous camera geometry results
in systematic tracking errors [11]. It originates from two possible
error sources:
– Erroneous camera calibration: The external and internal camera
parameters must be determined initially (typically by the man-
ufacturer). This process - referred to as camera calibration or
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tracking system characterization - is prone to error. A common
procedure for characterizing an optical tracking system is to
move markers throughout the field of measurement (FOM) in a
representative manner, according to some convenient reference,
whose accuracy is sufficiently better than that of the systems
being characterized [161]. The reference positions and their cor-
responding sensor data can then be used to determine the model
parameters, typically with some appropriate fitting algorithm
that minimizes the error between the transformed reference data
and the sensor data.
– Change in geometry: The geometrical parameters of the cameras
may change after calibration, for example due to a physical
shock or changes in temperature (thermal drift).
Erroneous tool geometry
The pose of a tracking target (e.g., the tip of an instrument) is computed
from the positions of its markers. Hence, accurate tool tracking requires
exact knowledge of the tool geometry. Inaccurate tool geometry may result
from the following factors:
• Erroneous tool calibration: If the measurements of a tool were ex-
tracted from a construction plan, tracking inaccuracies may result
from an inaccurate realization of this plan. Alternatively, the position
of the tip of the tool and (possibly) the pose of its axis relative to the
markers can be determined with a calibration procedure, e.g., by a
pivoting approach (cf. e.g. [11, 99]): The tool tip is placed in a fixed
position and the tool is pivoted about this fixed point. The position
of the tip in the tool coordinate system is then defined as the most
invariant point (in a least squares sense) in the pivot motions [99].
This procedure is prone to error. Most calibration procedures involve
tracking the markers of the tool to be calibrated and thus also depend
on the 3D marker localization accuracy presented above.
• Change in geometry: Changes in the tool geometry after calibration
also lead to an erroneous tool geometry. Needle bending during the
intervention, for example, can lead to tracking inaccuracies because
the tool tip of a needle-shaped instrument is extrapolated from the
marker positions.
Additional factors
In general, there is both an error in tool geometry and inaccuracy in tracking
the markers. The degree of influence of these two sources of error on the
overall tool tracking accuracy is determined by two additional factors:
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• Marker configuration: The tool tracking error depends crucially on
the number and arrangement of the markers [42]. In particular, the
tool tip tracking error increases with an increasing distance to the
centroid of the markers. Occlusion of one or several of the markers
or cameras may also increase tracking error [138].
• Tracking algorithm: The tracking device estimates the pose of the
tool from the tracked marker positions. The degree of influence of
the tracking error of individual markers depends on the applied tool
tracking method.
4.4.2 Target registration error
In the proposed navigation approach, the position of the target is continu-
ously estimated based on the poses of the fiducial needles. Hence, the TRE
results from (1) the FLE, which is the error of locating the navigation aids
in tracking space and in image space, and (2) the Modelling error, which is
the error resulting from the fact that the applied deformation model does
not accurately reflect reality (Fig. 20).
Fiducial localization error (FLE)
The FLE is the error of locating the navigation aids in image space and
tracking space. More precisely, it is the error of locating the control points
which are used to register the tracking coordinate system with the image
coordinate system. As these control points are extracted from the navigation
aids, the tool localization error and the control point localization error are
directly related. The FLE consists of two parts:
• FLE in tracking space: The FLE in tracking space is essentially the
tool tracking error (see above).
• FLE in image space: The error of locating a tool in the planning CT
image can be attributed to three sources of error:
– Erroneous image: Image distortion, breathing artefacts and metal
artefacts may result in an inaccurate representation of the fiducial
needle in the image.
– Erroneous tool geometry: If the tool geometry is not known
exactly, it is impossible to fit a model of the tool accurately to
the image (cf. Tracking accuracy→ Erroneous tool geometry)
– Errors induced by localization algorithm: The FLE depends
crucially on the method applied for fitting a model of the tool to
the planning image. The performance of the applied algorithm
depends on the image resolution, the applied metric for assessing
the quality of a fit, and the applied optimizer, which may get
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stuck in local minima. If manual interaction is required, it also
depends on the skills of the user.
The degree of influence of the FLE on the TRE depends on the number
and configuration of the fiducials (cf. Tracking error) as well as on the target
position [42].
Modelling error
The modelling error reflects the discrepancy between the true biomechani-
cal behaviour of the tissue and the estimated behaviour represented by the
deformation model. It depends essentially on the following factors:
• Biomechanical behaviour of the target organ: Capability of modelling
the ordinary biomechanical behaviour of the tissue during continuous
breathing.
• Tissue manipulation by fiducials: Capability of modelling the altered
natural behaviour of the tissue caused by the inserted fiducial needles.
• Tissue manipulation by instrument: Capability of modelling the
altered natural behaviour of the tissue caused by instrument insertion.
• Fiducial fixation: If the fiducials are not anchored within the tissue,
they potentially move inside the target organ. In consequence, it may
not be valid to assume that certain fixed points within the liver are
tracked via the navigation aids.
Additional factors
In general, there is both a modelling error and a FLE. The degree of
influence of these two sources of error on the TRE depends crucially on the
fiducial configuration and the target position (cf. section 4.4.1).
4.4.3 User error
The user error depends primarily on the following factors (Fig. 21):
• Guidance method: The provided visualization scheme.
• Experience: The experience of the user with the system.
• Response time: The reaction time of the user.
• Operator tremor: Involuntary alternating movement of the operator
that causes a jagged trajectory of the instrument.
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Guidance
method
Experience
User error
Error soure
Influencing factor
Reaction time Operator tremor
Figure 21: Factors influencing the user error.
Unfortunately, the user error is further affected by the system error; one of
the main challenges related to the process of needle insertion, for instance,
is the correct alignment of the instrument axis with the planned trajectory
to the target. As an initial alignment cannot be corrected after partial
needle insertion without withdrawing the instrument, the resulting user
error depends on an accurate knowledge of the instrument geometry. In
practice, it is generally impossible to isolate the error induced by inaccurate
needle tracking from the operator induced error.
4.4.4 Discussion
This section described the most important sources of error associated
with the proposed navigation approach. A graphical representation of
the error hierarchy was developed to illustrate how individual errors are
propagated. As the interplay of the individual sources of errors is highly
complex, there is no straightforward method for determining the overall
targeting error from the errors associated with the leave nodes. Several
groups (e.g. Bauer et al. [10]) proposed models for predicting the tool
tracking accuracy from a set of input parameters (e.g., the FLE, the fiducial
configuration, the camera setup) via error propagation. Yet, these models
are generally restricted to certain noise distributions (typically: zero-mean
Gaussian distribution), cannot cope with systematic errors, and assume
that the tool geometry is known exactly.
It is worth noting that the FRE is often used as a figure of merit for
registration accuracy [146], but Fitzpatrick et al. [42] showed that this may
be misleading: While the TRE increases with a decreasing number of
fiducials and an increasing distance of the target to the centroid to the
fiducials and is highly dependent on the fiducial configuration, the FRE
increases with an increasing number of fiducials, is independent of the target
position and approximately independent of the fiducial configuration [42].
In consequence, the FRE is not part of the error propagation diagram. It
can, however, be used as an estimate of the FLE [100].
In summary, the overall needle insertion error depends on a variety of
different sources of error. In the following chapters, the individual modules
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of the system are evaluated separately with the aim of quantifying the
contribution of the individual sources of error to the overall error.
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5R E S P I R AT O RY L I V E R M O T I O N S I M U L AT O R
It is inexcusable for scientists to torture animals;
let them make their experiments on journalists and politicians.
— Henrik Ibsen
To reduce the number of animal experiments for validating the navigation
system, a respiratory liver motion simulator was developed that allows
for ex-vivo experiments to be conducted in real tissue (animal or human)
actuated so as to mimic respiratory action. This chapter describes the
design of the motion simulator (section 5.1), presents the experiments
that were conducted to analyze the liver movement generated by the
device (section 5.2 and 5.3) and discusses the simulator in the context of
related work (section 5.4).
5.1 design
The design of the respiratory phantom is based on the constitution of the
human corpus. It can be constructed at low cost and is composed of the
following non-metallic components (Fig. 22):
• Two breathing bags (Vital Signs, Inc.; New Jersey, USA) representing
the lobes of the lung
• A perforated plate imitating the diaphragm
• Slide rails and elastic bands for controlling the movement of the liver
• A set of components modeling the ribcage with skin
• A filling element modeling the surrounding abdominal organs
• A leak-proof box containing the individual components
Plexiglas® was chosen as basic material because of its transparency, but
another synthetic material would also be adequate. Since all components
are non-metallic, the motion simulator is suitable for CT and MR imaging.
Figure 23 shows a CT image of the apparatus with mounted ribcage and
skin in full expiration.
To use the device, it is necessary to mount an explanted human or porcine
liver to the artificial diaphragm as shown in Fig. 24. Next, the simulator
is connected to a lung ventilator (Servo Ventilator 900C, Siemens-Elema
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i)
ii)
iii)
iv)
Figure 22: Schematic view of individual components of the respiratory liver mo-
tion simulator. i) Box with breathing bags, connections to lung ventilator
and outlet stopcock (left corner in the back). ii) Artificial diaphragm
and construction for controlling respiratory motion. iii) Lung cover and
filling element. iv) Ribcage with skin. For a clearer illustration, some of
the modules are not shown in their original material (Plexiglas®).
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(a) CT slice (b) volume rendered image
Figure 23: CT image of the motion simulator with mounted ribcage in full expi-
ration: Coronal plane and volume rendered image. (Reprinted with
permission from Maier-Hein et al. [90].)
Figure 24: Sewing of a porcine liver to the motion simulator.
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(a) full expiration
(b) full inspiration
Figure 25: Respiratory liver motion simulator without ribcage in full expiration (a)
and full inspiration (b).
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AB, Solna, Sweden) whose settings control the breathing pattern. When
the breathing bags are filled with air, the resulting force acting on the
diaphragm model causes a movement of the diaphragm and thus of the
liver in cranio-caudal direction (Fig. 25 and 26). When the lungs relax,
elastic bands connected to the plate via two cylinders pull the diaphragm
and therewith the liver back to its original position.
-y
z
x
(a) full expiration (b) full inspiration
Figure 26: Schematic view of the motion simulator without ribcage and skin in
full expiration (a) and full inspiration (b).
Optionally, a ribcage with skin can be mounted to the patient model
(Fig. 27). For this purpose, a piece of foam is clamped between the two
“skin frames” shown in Fig 22. For experiments with an ultrasound device,
the entire box can be filled with water. The modular constitution of the
simulator further allows for easy cleaning.
5.2 motion analysis
To analyze the liver movement generated by the motion simulator three
porcine livers and three human livers, explanted from patients with acute
liver failure or endstage liver cirrhosis during liver transplantation, were
examined. Informed consent was obtained from the patients in oral and
written form. The system was tested for fixed settings of the lung ventilator
(breathing rate: 16 cycles/min; inspiration pressure: 30 mbar; duration
of inspiration: 33%). In order to monitor the liver position over time,
four needles equipped with retro-reflective markers were inserted into
the tissue as exemplarily shown in Figure 28 (insertion depth ≈ 3 cm).
This arrangement allowed for registering liver displacement as well as
tissue deformation because the needles were spread in both cranio-caudal
and lateral direction. It should be pointed out that the needles had to
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Figure 27: Performing of a biopsy in the motion simulator with mounted ribcage,
skin, and liver.
be placed relatively close to the diaphragm because the tissue was not
sufficiently thick in other parts of the liver. The Polaris® Vicra™ optical
tracking system (Northern Digital Inc. (NDI); Ontario, Canada) was used
to track the fiducial needles over time, and liver shift and deformation
were computed from the movement of the needles. To be robust to needle
placement, three needle configurations (i.e., arrangements) were examined
for each liver1. For each configuration, the following measurements were
performed:
1. MIN: A timer with the period of the lung ventilator was used to
record the needle positions in ten consecutive end-expiration phases
to analyze if the simulator brings the liver reliably back into its
original position representing end-expiration.
2. MAX: A timer with the period of the lung ventilator was utilized for
measuring the needle positions in one end-expiration phase and ten
consecutive end-inspiration phases to determine the displacement of
the liver between expiration and inspiration.
For each experiment, the movement of the liver along the three axes of
the coordinate system of the motion simulator was determined with an
optically tracked reference plate having a known orientation relative to
the respiratory phantom (alignment of the edges): Upon initialization, the
tracking coordinate system was registered with the coordinate system of
1 in one liver, only two configurations were considered for the experiment MAX due to
corrupt data.
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(a) during inspiration
(b) full inspiration
Figure 28: Respiratory liver motion simulator with mounted porcine liver and
fiducial needles during inspiration (a) and in full inspiration (b).
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the reference tool and all positional data was then recorded in reference
coordinates. The position of the liver for sample t was defined by a set of
control points on the fiducial needles: Four control points
{
Pti1 . . . P
t
i4
}
with
an inter-control point spacing of 1 cm were distributed along each needle i
beginning at its tip, with the last control point at 3 cm approximating the
liver surface. The displacement δt of the liver relative to the initial position
(t = 0) was defined as:
δt =
1
4 · 4
4∑
i=1
4∑
l=1
∥∥∥~ptil − ~p0il∥∥∥
2
(5.1)
where ~ptil represents the vector from the origin to P
t
il and ‖.‖2 denotes
the Euclidean norm. The mean displacement δµ averaged over all n
samples of an experiment was then defined as:
δµ =
1
n
n∑
t=1
δt (5.2)
To analyze organ deformation (as opposed to organ shift), a rigid registra-
tion was computed for each time point as follows: Based on the least square
method by Horn [58], a rigid transformation Φ0→t was calculated from
the current and initial positions of the control points. The mean distance
error def between corresponding control points after registration served
as an approximation of liver deformation, with def = 0 corresponding to
purely rigid movement. Formally, this can be written as:
tdef =
1
4 · 4
4∑
i=1
4∑
l=1
∥∥∥Φ0→t(~ptil) − ~p0il∥∥∥
2
(5.3)
def =
1
n
n∑
t=1
tdef (5.4)
The experiments were conducted with a preliminary version of the
motion simulator. Differences of the former model to the current device
concerned aesthetics only, not functionality.
5.3 results
The results of the motion analysis are shown in Tab. 3. Mean displacement
between expiration and inspiration (data set MAX) was 15.0± 4.7 mm in the
case of the porcine livers (PL) and 11.6 ± 2.7 mm for the human livers (HL)
with cranio-caudal movement making up the main part (14.2 ± 4.9 mm (PL)
and 8.7 ± 7.7 mm (HL)). The values of def of 2.7 ± 1.4 mm (PL) and
0.9 ± 0.5 mm (HL) indicate that the livers were deformed and not only
shifted rigidly. The deformation was, however, much higher in the porcine
livers.
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Figure 29: Visualization of the movement of the tips of the four fiducial needles
over several breathing cycles for one sample configuration.
The small values obtained for the MIN experiments show that the simula-
tor brought the livers reliably back into their original positions representing
end-expiration. The displacement values and the degree of deformation
varied considerably for the different livers and configurations (high stan-
dard deviation), yet the generated liver movement was generally regular;
Figure 29 exemplarily visualizes the movement of the needle tips for one
sample configuration. The needle tip showing the greatest displacement
was placed closest to the diaphragm.
Porcine livers Human livers
MIN MAX MIN MAX
Displacement
lateral 0.0 ± 0.3 1.1 ± 2.1 0.0 ± 0.1 0.4 ± 1.0
posterior-anterior 0.1 ± 0.3 1.9 ± 3.1 0.0 ± 0.1 1.1 ± 2.1
cranio-caudal 0.3 ± 1.0 14.2 ± 4.9 0.5 ± 0.7 8.7 ± 7.7
total 0.9 ± 0.8 15.0 ± 4.7 0.7 ± 0.5 11.6 ± 2.7
Deformation 0.3 ± 0.3 2.7 ± 1.4 0.1 ± 0.1 0.9 ± 0.5
Table 3: Mean displacement (according to eq. 5.2) and mean deformation (accord-
ing to eq. 5.3) in mm (± σ) of the three porcine livers and the three human
livers for the experiments MIN and MAX introduced in section 5.2.
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5.4 discussion
This chapter presented a liver motion simulator for ex-vivo experiments in
a respiring patient model. According to the conducted motion analysis
the movement of an explanted porcine liver mounted to the simulator is
comparable to the movement of a human liver in-vivo (cf. Clifford et al. [28]):
Mean displacement between expiration and inspiration was of the order of
10− 15 mm, with cranio-caudal movement making up the main part. In
addition, the livers showed movement due to tissue deformation. These
results were obtained for a certain respiratory pattern and do not provide
information about local liver movement, but they qualitatively conform
to previous studies on hepatic motion. Furthermore, deviations in the
computed liver movement can be mainly attributed to variations in organ
shape and tissue consistency as well as to the placement of the fiducial
needles, which was difficult to reproduce in different livers.
The human livers underwent less organ shift than the porcine livers
because of their higher volume and weight. Furthermore, the degree of
tissue deformation was smaller, which can be attributed to the fact that the
human livers were cirrhotic and thus less elastic than the porcine livers.
Literature on respiratory phantoms for simulating liver motion is ex-
tremely sparse. Most groups apply static phantoms to evaluate their
systems (cf. section 10.1.3). Cleary et al. [27] developed a respiratory liver
motion simulator including a synthetic liver mounted on a one degree of
freedom linear motion platform. In a recent report, the authors introduced
a computer-controlled pump which is coupled to a synthetic torso to pro-
duce chest wall movements and simulate natural breathing patterns [83].
In-vitro experiments, however, are not possible with the device. The pro-
posed simulator has not been designed to model the entire human torso
as accurately as possible but rather to provide a cost-efficient solution for
simulating liver interventions prior to moving to animal experiments. It
is lightweight and CT and MRI compatible. Due to the integration of a
lung ventilator, the breathing pattern is controllable. The device can be
constructed at low cost provided that access to standard hospital equip-
ment is granted. It has already successfully been used for simulating liver
tumor biopsies (Fig. 27) and can also potentially be used for simulation of
ultrasound guided interventions and open surgery.
In conclusion, the respiratory liver motion simulator introduced in this
report is considered a valuable device for reducing the number of animal
experiments in the early stages of a research project. To extend the range
of application of the respiratory phantom, integration of skin motion and
perfusion is suggested for future work.
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6T R A C K I N G : T O O L D E S I G N , A C C U R A C Y, A N D
R O B U S T N E S S
Without geometry, life is pointless.
— Anonymous
A core component of an image-guided navigation system is the ability to
track instruments in real-time during the procedure and to display them
in relation to the patient’s individual anatomy. Due to the high accuracy
requirements for the proposed navigation application, it was decided to
use an optical tracking system for this purpose (cf. section 4.1).
One of the most well-established tracking systems in clinical use is the
Polaris® system (Northern Digital Inc. (NDI), Waterloo, Ontario, Canada)
with passive optical markers. It emits infrared light, which is reflected by
spherical markers coated with a retro-reflective material. While widely
used, the system has one major disadvantage: Due to the volumetric mark-
ers and the required inter-marker distance of 5 cm, light tool design is chal-
lenging. In contrast, the recently introduced MicronTracker 2 (Claron Tech-
nology, Inc., Toronto, Ontario, Canada) is a passive system which allows
for construction of relatively lightweight tools. It makes use of the available
visible light illumination to locate objects marked with a painted or printed
target pattern. Table 4 summarizes the properties of the two tracking
systems.
This chapter compares the Polaris® system with passive markers and the
MicronTracker 2, model H40, with regard to their suitability for soft tissue
navigation with fiducial needles. It introduces the tools1 developed for the
two tracking systems (section 6.1), assesses the tool tip tracking accuracy
and precision under typical clinical light conditions (section 6.2), and
compares the robustness of the tracking systems to illumination conditions
as well as to the velocity and the orientation of a tracked tool (section 6.3).
6.1 navigation tools
In optical systems, the pose of tracking target (e.g., the tip of a tracked
instrument) is computed from a set of features that are localizable by the
tracking system. As described in section 3.2.3, the accuracy of tracking
a target depends crucially on the tool design. The navigation tools used
1 In this chapter, the term tool is generally used to refer to a tracked device (fiducial needle,
instrument, etc.)
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Polaris® MicronTracker 2
General Properties
Camera type activea passiveb
Integration of detection algorithm tracking system software
Interface RS-232/RS-422 IEEE-1394a
Maximum data rate 115 kbps 400 Mbpsc
Operating temperature 18-23◦C 18-30◦C
Multi-camera support no yes
Tools
Tool type passive passive
Maximum number of tools 6 100
Required inter-marker distance 5 cm N/Ad
Performance
Marker tracking error (RMS) 0.35 mme 0.20 mmf
Update rate (max.) 60 Hz 15 Hz
Measurement volume largeg smallh
Table 4: System specifications for the Polaris® system with passive markers and
the MicronTracker 2, model H40. In the case of the MicronTracker 2, the
inter-marker distance refers to the required distance between two XPoints.
a Active cameras emit light to locate targets.
b Passive cameras use available light in the visible spectrum to locate targets.
c A high data rate is necessary because the tracking device transfers the captured images as
opposed to the poses of the tracked tools [25].
d According to the manufacturer, "‘the maximum detection distance of an Xpoint is roughly
100 times its radius. For example, a 5 mm radius would allow detection up to 50 cm, and
a 12 mm radius would provide detection up to the far limit of the FOM” [25].
e According to the manufacturer [161], the error was obtained by measuring a single marker
at a set of specified locations throughout its pyramid volume with a coordinate measuring
machine (CMM).
f According to the manufacturer, this value corresponds to a “single target position accuracy.
For H40, ≈ 30, 000 averaged positions at distances of 40-100 cm” [25], where the term
target refers to a single XPoint.
g Please refer to NDI for detailed indication of measurements.
h Please refer to the manufacturer specifications for detailed indication of measurements [25].
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for the proposed navigation scenario should be characterized by high
tracking accuracy and a light design. Unfortunately, these are conflicting
requirements because tool tracking accuracy increases with the number of
markers and the room taken by the markers as described in section 3.2.2.
This section introduces possible tool designs for needle-based soft tissue
navigation with the Polaris® system and the MicronTracker 2.
Figure 30: Custom-designed 5DoF biopsy needle and navigation aids. Different
inter-marker distances (60 mm, 80 mm, 90 mm) allow for differentiation
between the individual tools.
6.1.1 Polaris tools
The tracking algorithm of the Polaris® system requires a tool to be defined
by at least three optical markers with a minimum inter-marker distance of
5 cm. This, however, leads to a big tool size and high weight. To address
this issue, 5-Degrees-of-Freedom (5DoF) needle-shaped tools equipped
with only two optical markers were constructed as shown in Fig. 30.
Different distances between the two markers allow for differentiation
of the individual tools. When arranged symmetrically with respect to the
needle axis, two markers are sufficient to determine the axis of the device,
yet, it is impossible to determine its orientation. To be able to derive the tip
position from the positions of the markers, a so-called intervention plane is
defined, whose normal is always at an angle of less than 90◦ to all tools.
The plane can be initialized by a user or be based on prior knowledge
(e.g., default position of the patient relative to the tracking system) and be
updated continuously based on the fiducial positions. A tracking algorithm
was implemented that assigns individual markers to the corresponding
tools based on the known inter-marker distances (Fig. 31). In ambiguous
situations, the algorithms takes into account previous tool positions. As the
5DoF positions of the fiducial needles can be determined from the location
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Determine orientation
Assign markers to tools
[continue 
tracking]
[stop]
Intervention plane
Tool definitions
Tool 1: 50mm
Tool 2: 60mm
Tool 3: 70mm
Last tool poses
50mm
Compute distances
Locate markers
Figure 31: Tracking algorithm for the custom-designed 5DoF Polaris® tools. In-
dividual markers are assigned to the corresponding tools in real-time.
The orientation of the tools is computed from the known normal of the
intervention plane.
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of only two markers, this tracking approach reduces the room taken up by
the tools significantly.
Unfortunately, the light design is achieved at some cost. The major
disadvantage is the fact that a standard calibration procedure is not possi-
ble for 5DoF tools. Consequently, the tools must be constructed perfectly
symmetrically. Deflections and errors in the construction cannot be compen-
sated for. In addition, application of a small number of markers generally
decreases tracking accuracy [42, 161].
It is worth mentioning here that the Polaris® Vicra™ system, which is
an optical tracking system based on the same tracking technology as the
Polaris® system and is also provided by NDI, requires an inter-marker
distance of only 3 cm. However, the system has a smaller FOM, and light
tool design is still challenging due to the volumetric markers.
6.1.2 MicronTracker 2 tools
In contrast to the Polaris® system, which works with volumetric mark-
ers, the MicronTracker 2 uses flat marker panels as shown in Fig. 32(b).
The tracking algorithm is based on the detection of so-called XPoints2,
connected by imaginary Vectors3 as shown in Fig. 32(b).
The fact that XPoints corresponding to different Vectors can be located
close to each other allows for construction of needle-shaped 6DoF tools.
For this purpose, the so-called narrow X design suggested by the manufac-
turer [25] was chosen as design pattern as shown in Fig. 32(b). Due to the
lever effect, the tracking accuracy increases (theoretically) with a decreasing
distance between the tip of the tool and the nearest XPoint and increasing
lengths of the Vectors [25].
To calibrate the fiducial needles, a calibration device was constructed
(Fig. 33) which sets the tool axis perpendicular to the calibration panel with
the tip at its centroid.
6.2 tracking accuracy and precision
Several accuracy assessment protocols and accuracy studies have been pre-
sented for both optical [69, 161] and electromagnetic [43, 62, 163] systems
in the past. However, the MicronTracker 2 has not yet been evaluated in the
literature. According to the manufacturer specifications, the FLE4 (provided
2 XPoint: One “checkerboard intersection painted on a flat surface.” [25]
3 The two imaginary straight lines crossing at an XPoint’s center are referred to as XLines.
“Viewing the Xlines from the XPoint center outwards, BW Xline is the one with the black
on the left and white on the right [...].” [25] A Vector is defined as two “XPoints arranged
such that one’s BW Xline is aligned (co-linear) with the other’s WB Xline.” [25]
4 In this context, the term fiducial refers to the passive markers in the case of the the Polaris®
systems and to the XPoints in the case of the MicronTracker 2.
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(a) Polaris® tool (5DoF)
(b) MicronTracker 2 tool (6DoF)
Figure 32: Schematic view of the Polaris® 5DoF fiducial needles (a) and the Mi-
cronTracker 2 6DoF fiducial needles (b). For each system, three tools
(n1,n2,n3) with different inter-marker distances/Vector lengths were
constructed. The part of the needle taken up by the markers was d
= 61.5 mm (n1), d = 81.5 (n2) and d = 101.5 (n3) in length. In the
case of the Polaris® system, these distances correspond to inter-marker
distances of 50 mm, 70 mm, and 90 mm.
as RMS marker/XPoint tracking error) of the MicronTracker 2 (model H40)
is lower than that of the Polaris® system as shown in Tab. 4. However, it
is well-known that the RMS target tracking error is not a good indicator
of tracking accuracy [161] because (1) it depends crucially on the chosen
measurement volume, (2) is independent of the tool design and (3) does not
take into account the pose of the object in the tracking coordinate system.
To address this issue, this section determines the tool tip tracking accuracy
for the proposed tool designs both theoretically and experimentally. Fur-
thermore, the construction accuracy for the custom-designed 5DoF Polaris®
tools is evaluated.
6.2.1 Accuracy phantom
To be able to assess the needle tip tracking accuracy within a sufficiently
sized measurement volume for different tools, an accuracy phantom was
developed, which allows for measuring a tool position at 33 = 27 different
positions within a tracking volume of 40 cm · 40 cm · 30 cm. This volume
was chosen because it fits into the measurement volumes of both examined
tracking systems and is sufficiently sized for navigated punctures of the
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Figure 33: Calibration device for the MicronTracker 2 for computing the pose
of the tip relative to the fiducial pattern. The axis of the tool is set
perpendicular to the marker panel. An angle indication (cf. Fig. 34(b)) is
used to obtain the correct orientation.
liver. The phantom consists of a base panel (Fig. 34(a)) and two height
adapters (one shown in Fig. 34(b)), which allow for the attachment of a pipe
device (Fig. 34(b)).
6.2.2 Experiments
Estimating tracking error is generally challenging due to the lack of ground
truth data [11]. To compare the accuracy of the two investigated track-
ing systems in the context of needle-based navigation, two studies were
conducted: (1) A simulation study for predicting the tracking accuracy of
the different proposed tool designs using the FLE (here: error in locating
a marker/XPoint within the measurement volume of the corresponding
tracking system) (tool design) and (2) an experimental study assessing the
needle tip tracking accuracy and precision for the two examined tracking
systems, within a sufficiently sized measurement volume for different tool
sizes under typical clinical light conditions (tool position and length). In
addition, the construction accuracy of the Polaris® tools was assessed (con-
struction accuracy). For each system, three tools (n1,n2,n3) with different
inter-marker distances/Vector lengths were constructed as shown in Fig. 32.
The following sections introduce the individual experiments performed for
this study.
Tool design
Given a distribution of the FLE and a pose of a tool relative to the track-
ing coordinate system, the tracking accuracy (TRE) of a target connected
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positions for pipe device and height adapter
400 mmscrew threads
400 mm
(a)
pipe
pipe 
device
height
adapter
h
screw threads
tool
angle indication
(b)
Figure 34: Accuracy phantom: Base panel (a) and pipe device with height adapter and
tool (b). The height of the two adapters is h = 15 cm and h = 30 cm
respectively. The angle indication can be used to verify the rotational
symmetry of a 5DoF tool or to calibrate a 6DoF tool.
rigidly to a set of Markers/XPoints was estimated via Monte Carlo simula-
tions (cf. section 3.2.2) as follows:
• Polaris® tools: The tool geometry was represented by two marker
positions Mobject =
{
~m1
object, ~m2object
}
and the target (i.e., the
tip position) ~tobject in the tool coordinate system. The rigid-body
transformation Φref relating the tracking coordinate system with
the tool coordinate system was used to compute the ground truth
target position ~tref = Φref(~tobject). Next, the following steps were
repeated n times:
1. The localized marker positions ~m1sim and ~m2sim were simu-
lated by perturbing ~m1ref and ~m2ref:
~mi
sim = ~mi
ref +∆ ~mi (6.1)
where ∆ ~mi = (xi,yi, zi) was randomly drawn from a zero-
mean 3D Gaussian distribution N(0,diag(σ2x,σ2y,σ2z)). When
an isotropic Gaussian distribution N(0,σ2I) of the FLE was
assumed, the following formula was applied for determining
σ2 [41].
σ =
FLE√
3
(6.2)
where the FLE is the RMS FLE provided by the manufacturer.
Note in this context that the RMS of a zero-mean Gaussian
distribution is equivalent to the standard deviation [11]. By
default, a standard deviation of σ = 0.20 mm was chosen along
each coordinate axis which corresponds to an FLE of 0.35 mm.
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2. The estimated target position ~tsim was computed from the
positions of the two markers according to the implemented
tracking algorithm.
3. The Euclidean distance between the true target position and the
estimated tip position
∥∥~tref −~tsim∥∥
2
was stored as TRE.
• MicronTracker 2 tools: The tracking algorithm of the MicronTracker 2
for deriving the pose of a tracking target connected rigidly to the
target pattern has not been published. To approximate the tracking
error, a point based registration of the XPoints based on the least
square method by Horn [58] was applied to derive the pose of the
target from the XPoint positions. For this purpose, the tool geometry
was represented by the positions of the XPoints ~xobject1 , . . . ,~x
object
4 ,
and the position of a target ~tobject. The rigid-body transformation
Φref relating the tracking coordinate system with the tool coordinate
system was used to compute the ground truth target position ~tref =
Φref(~tobject). Next, the following steps were repeated n times:
1. The localized XPoint positions ~x1sim, . . . , ~x4sim were simulated
as in equation 6.1. By default, a standard deviation of σ = 0.12 mm
was chosen in the case of isotropic Gaussian noise, which corre-
sponds to an FLE of 0.20 mm (cf. eq. 6.2).
2. The estimated target position ~tsim = Φsim(~tobject) was com-
puted from the positions of the XPoints by finding the rigid-body
transformation Φsim that minimizes the FRE according to the
least square method by Horn [58] (cf. section 3.2.3).
FRE(Φsim) =
√√√√1
4
4∑
j=1
∥∥∥~xsimj −Φsim(~xjobject)∥∥∥22 (6.3)
3. The Euclidean distance between the true target position and the
estimated target position
∥∥~tref −~tsim∥∥
2
was stored as TRE.
In all cases, the estimated tracking error for a given target could then be
computed as the RMS TRE averaged over all simulations.
To compare the tool designs of the different tracking systems, the pro-
posed workflow was applied to the tips of all tools n1,n2,n3, introduced
in Fig. 32, for different standard deviations σ ∈ [0, 0.5] assuming an isotropic
Gaussian distribution of the FLE (n = 100, 000). Although the FLE has been
shown to be anisotropic [161, 11, 84], this approach is very common [42],
because the true distribution of the FLE has not been reported in the litera-
ture, is difficult to model and depends upon the device applied to perform
the measurements. Because an isotropic Gaussian distribution of the FLE
allows neglecting the rigid-body motion relating the tool coordinate system
with the tracking coordinate system [41], the pose of the tracking coordinate
system was not varied throughout the experiment by setting Φref(~x) = ~x.
79
tracking: tool design, accuracy, and robustness
Tool position and length
The aim of the tool position and length experiment was to assess the needle
tip tracking accuracy and precision for the two examined tracking systems
within a sufficiently sized measurement volume for different tool sizes. The
experiments were conducted in the premises of a hospital (Krehl Klinik,
Heidelberg) to obtain typical clinical light conditions. Prior to performing
the measurements, the MicronTracker 2 was calibrated using a calibration
tool provided by the manufacturer.
For each needle ni and each position pj of the accuracy phantom,
introduced in section 6.2.1, the tool tip positions were recorded for a
period of 30 s to obtain a set of N = 300 measured positions Mij ={
~m1ij, . . . , ~m
N
ij
}
(Fig. 35). The recorded data was then used to (1) determine
the tool tip tracking accuracy within the chosen measurement volume and
(2) to assess how jitter5 effects the precision of tracking a tool tip in practice.
Figure 35: Experimental setup for the accuracy measurements showing the Polaris®
optical tracking system and the accuracy phantom.
Similar as in [62], a grid matching approach was applied to quantify the
tool tip tracking accuracy. For each needle ni, the known positions in the
5 Jitter: “Momentary deviation caused by random optical or electrical noise in the image
capture and analog-to-digital conversion circuitry” [25]
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phantom coordinate system Pref = {~r1, . . . ,~r27} and the set of (averaged)
measured positions Mi =
{
~mµi1, . . . , ~m
µ
i27
}
were used as source and target
landmarks respectively to define a landmark based rigid transform Φi
mapping the tracking coordinate system to the phantom coordinate system
according to the least square method by Horn [58]. The RMS tool tip
tracking error was defined as the RMS distance between the reference
positions and the transformed measured positions:

grid
RMS(ni) =
√√√√ 1
27
27∑
j=1
∥∥∥~rj −Φi(~mµij)∥∥∥22 (6.4)
As suggested in related work [62, 69], tracking precision was quantified
by jitter. The RMS jitter error for tool ni and position pj was defined as the
RMS distance between the measured tip position and the mean tip position
~mµij:

jitter
RMS (ni,pj) =
√√√√ 1
N
N∑
k=1
∥∥∥~mkij − ~mµij∥∥∥22 (6.5)
The overall RMS jitter error for tool ni, 
jitter
RMS (ni), was obtained by addi-
tionally averaging over all positions.
Construction accuracy
In the case of the 5DoF Polaris® tools, an accurate construction relies
primarily on the symmetric attachment of the markers to the axis of the
needle. In order to measure the construction error for tool ni, the following
experiment was conducted:
1. The pipe device (Fig. 34(b)) was attached to the base panel (Fig.
34(a)), and the needle was inserted into the pipe.
2. For four different rotation angles α ∈ A = {0◦, 90◦, 180◦, 270◦} within
the pipe, the position of the navigation aid was recorded for 10 sec,
yielding a set of nR = 100 lower marker positions Lαi =
{
~lα1i , . . . ,~l
αnR
i
}
,
a set of upper marker positions Uαi =
{
~uα1i , . . . , ~u
αnR
i
}
and a set of
(extrapolated) needle tip positions Tαi =
{
~tα1i , . . . ,~t
αnR
i
}
for each
angle α. Note that the real needle tip remained in a constant position
during the rotation due to its fixation in the pipe.
3. For each angle α the mean lower marker position ~lαi , the mean
upper marker position ~uαi and the mean tool tip position ~t
α
i were
determined.
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4. The reference position (i.e., the estimated true tool tip position) was
computed from the positions of the optical markers:
a) The ideal lower marker position~li, and the ideal upper marker
position ~ui were computed as follows:
~li =
1
4
∑
α∈A
~lαi (6.6)
~ui =
1
4
∑
α∈A
~uαi (6.7)
Note that these positions represent a symmetric attachment of
the markers to the needle axis.
b) Let ~v be the normalized direction vector of the needle defined
by ~ui and~li. The reference tip position was computed as
~ti = ~ui + (|ni|− r) ·~v (6.8)
where r denotes the marker radius and |ni| denotes the length
of the navigation aid ni.
5. The RMS error was defined as the RMS distance between the mea-
sured tip position and the reference tip position:
constr(ni) =
√√√√ 1
4nR
∑
α∈A
nR∑
k=1
∥∥~tαki −~ti∥∥22 (6.9)
6.2.3 Results
The results of the tool design experiment are shown in Fig. 36. As expected,
the TRE depends crucially on the size of the tools as well as on the FLE
and is better for the MicronTracker 2 tools, which provide four fiducials as
opposed to two. The differences in accuracy between the individual tools
decrease when the target approaches the centroid of the fiducials (Fig. 37).
Depending on the noise distribution, the TRE at the centroid of the fiducials
ranged from 0.1 mm to 0.6 mm.
According to the tool position and length experiment (Tab. 5 and Fig. 38),
the tool tip tracking error increases considerably with a decreasing tool size
and is better for all tools in the case of the Polaris® system, which suggests a
more accurate camera calibration (cf. section 4.4.1). The jitter error depends
crucially on the position within the tracking volume (Fig. 38) and occurs
primarily in z-direction, i.e., along the view direction of tracking system.
While the Micron Tracker 2 tools outperformed the Polaris® tools in the
simulations, the jitter error for the MicronTracker 2 is only significantly
better in the case of the largest tool, n3.
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Figure 36: Results for the tool design experiment. Predicted RMS tool tip tracking
error (in mm) for the needles n1 (d = 61.5 mm), n2 (d = 81.5 mm) and n3
(d = 101.5 mm) obtained from n = 100, 000Monte Carlo simulations and
a zero-mean isotropic Gaussian distribution of the FLE with different
standard deviations σ along each coordinate axis (cf. section 6.2.2)
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Figure 37: Predicted tracking accuracy along the needles of the navigation aids
n1 (d = 61.5 mm), n2 (d = 81.5 mm) and n3 (d = 101.5 mm) for a
zero-mean isotropic Gaussian distribution of the FLE with a standard
deviation of σ = 0.1 mm along each coordinate axis. As the distance
to the tool tip increases, the target approaches the centroid of the
markers/XPoints.
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(a) Polaris
(b) MicronTracker 2
Figure 38: Static jitter error (cf. eq. 6.5) in mm for 27 tip positions of tool n3
within the measurement volume of the Polaris® system and the Micron-
Tracker 2. The view direction of the tracking systems was along the
z-axis. The colors of the bars represent the height of the tool within the
tracking volume with base corresponding to marker positions close to
x = 0.
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n1 n2 n3 All
Accuracy Polaris® 1.68 1.28 0.98 1.31 ± 0.35
MicronTracker 2 2.52 1.66 1.55 1.91 ± 0.53
Precision Polaris® 0.27 0.20 0.18 0.22 ± 0.05
MicronTracker 2 0.91 0.21 0.08 0.40 ± 0.45
Table 5: Results for the tool position and length experiment. Mean RMS tool tip
tracking error (cf. eq. 6.4) and mean RMS jitter error (cf. eq. 6.5) in mm for
the needles n1 (d = 61.5 mm), n2 (d = 81.5 mm) and n3 (d = 101.5 mm)
averaged over all 27 tip positions. The last column lists the mean RMS
error (± σ) averaged over all tools.
n1 n2 n3 All
Construction error 0.56 0.88 0.94 0.80 ± 0.20
Table 6: Results for the construction accuracy experiment. RMS tool tip track-
ing error (cf. eq. 6.9) in mm for the fiducial needles n1 (d = 61.5 mm),
n2 (d = 81.5 mm) and n3 (d = 101.5 mm). The last column lists the mean
RMS error (± σ) averaged over all tools.
According to Tab. 6, the RMS tracking error resulting from an inaccurate
construction of the Polaris® tools is of the order of magnitude of 0.8 mm.
As the accuracy does not increase with a decreasing tool size, it can
be assumed that the construction accuracy has a higher effect on the tool
tracking error than the marker tracking error - at least in the center of the
FOM.
6.2.4 Discussion
This section evaluated the accuracy and precision of two optical tracking
systems in the context of needle-based soft tissue navigation: The well
established NDI Polaris® system with active camera and passive markers,
and the MicronTracker 2 (model H40) with passive camera and passive
markers. The custom-designed 5DoF Polaris® tools could be tracked
accurately compared to the MicronTracker 2 tools despite the small number
of markers. A theoretical simulation showed that submillimetric tool tip
tracking accuracy is possible when an appropriate tool design is chosen.
Several issues deserve further discussion. To begin with, it should
be noted that the proposed tool designs are not optimal with respect to
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the general design recommendations [158] because a small number of
fiducials is applied. Using more markers, however, would have led to
inappropriately large tools.
The tool design experiment assumed that the tool geometry was known
exactly. Although this is clearly a simplification, this approach allowed for
isolation of the tracking error differences resulting exclusively from the
tool design. The simulations could readily be adapted to account for tool
construction or calibration errors. Furthermore, the experiments assumed
an isotropic Gaussian distribution of the marker tracking error because the
aim of the experiment was to compare different tool designs rather than
to quantify the tracking accuracy for a specific pose within the tracking
volume or for different noise distributions. Future work should investigate
this issue.
It is important to keep in mind that the tool position and length experi-
ment was conducted in a relatively large volume within the FOM of the
MicronTracker 2. A smaller volume should yield a better tracking precision
and accuracy. Furthermore, the accuracy assessment was based on the tips
of the tools and is thus effected by the calibration accuracy of the tools
if they are not always positioned in exactly the same way relative to the
phantom coordinate system. The calibration accuracy was only evaluated
for the Polaris® system because the developed MicronTracker 2 tools do
not allow for 360◦ rotation of a tool.
In conclusion, both systems are well-suited for needle-based navigation
in terms of tool design, tracking accuracy, and precision.
6.3 tracking robustness
To evaluate the robustness of the Polaris® system and the MicronTracker 2,
the sensititity of the two tracking systems to illumination conditions, mo-
tion, shadow, and orientation of the tools was assessed. The percentage of
invalid samples6 and the jitter error were generally used as indicators of
tracking robustness.
6.3.1 Experiments
The experiments were conducted in a laboratory environment to allow for
evaluation of the sensitivity of the systems to isolated factors such as light
intensity. Prior to performing the measurements, the MicronTracker 2 was
calibrated with the calibration tool provided by the manufacturer. The
following paragraphs introduce the individual experiments performed for
this study.
6 Invalid sample: A tracked tool cannot be located at all.
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Luminosity
In order to determine the light sensitivity of the two tracking systems, the
jitter error jitterRMS (eq. 6.5) for tool n3 (Fig. 32) was recorded at a fixed
position (center of the tracking volume) for different light intensities in the
range of 1 to 500 lx.
Shadow
To test the sensitivity of the two tracking systems to shadow, their perfor-
mance was evaluated under favorable illumination conditions (200 lx and
no shadow on the tool; Fig. 40(a)) and with one half of the tool covered by
shadow (Fig. 40(b)).
Motion
To allow for assessing the sensitivity of the tracking systems to motion,
a rotation phantom was constructed which can rotate a tool about a fixed
axis of rotation such that the markers/XPoints perform a circle-shaped
movement at a constant speed. Tool n3 was mounted to the rotation
phantom, and the position of the tool tip was recorded over several rotation
cycles (N = 300 samples) for different speeds in the range of 2.5 cm/s to
62.5 cm/s, which correspond to rotational speeds of 0.03 rps to 0.75 rps (rps:
Revolutions per second). For a given speed, the circle yielding the best fit
of the recorded data according to the least square method was determined,
and the tracking error circleRMS was defined as the RMS distance of the
data points to the computed circle. Note that although circleRMS does not
incorporate errors that occur along the direction of movement (in the
xy-plane) it allows to compare the tracking error for different speeds.
Orientation
In contrast to the Polaris® system, the MicronTracker 2 utilizes flat fiducials
as opposed to volumetric markers. To assess how the orientation of a
tool relative to the MicronTracker 2 influences tracking accuracy, the jitter
error jitterRMS (eq. 6.5) was determined for all tools introduced in Fig. 32
and a fixed position (center of the tracking volume) for three different
angles: Orientation towards the tracking system (0◦), as shown in Fig. 40(a),
22.5◦ rotation, and 45◦ rotation. Note in this context that the XPoint/Vector
localization error of the MicronTracker 2 should be best when the tool is
directly facing the tracking system because the size of the marker panel
in the image planes of the camera is the largest in this case. On the other
hand, Ma et al. [84] showed that in the presence of anisotropic noise, the
tool tip tracking error for a given FLE is worst when the tool directly faces
the camera.
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6.3.2 Results
The results of the luminosity experiment are shown in Fig. 39. It is no-
ticeable that the jitter error of the MicronTracker 2 increases considerably
with decreasing light intensity, while the Polaris® system is insensitive to
illumination conditions. When shadow was generated, the MicronTracker 2
tools were not located at all (Fig. 40(b)).
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Figure 39: Results for the experiment luminosity showing the jitter error (cf. eq. 6.5)
for the Polaris® system and the MicronTracker 2 (MT). The percentage
of invalid samples (tool not located) is explicitly stated for values > 0%.
At 1 lx, the tool was not recognized at all by the MicronTracker 2 (not
shown in the diagram).
According to Fig. 41, the MicronTracker 2 is highly sensitive to the motion
of the tracked tool. Figure 42 shows two camera frames of the system for
different rotational speeds of a tool mounted to the rotation phantom: At
the higher speed, the captured image appears blurred. By contrast, the
Polaris® system yielded high accuracy at all velocities. Figure 43 shows
the measurement points for a tool (tip) speed of 52.5 m/s (or: 0.63 rps) for
both tracking systems.
Finally, the jitter error increased with an increasing angle between the tool
(i.e., the marker facet) and the view direction of the MicronTracker 2 (Fig. 44).
6.3.3 Discussion
This section compared the robustness of the Polaris® system and the
MicronTracker 2 (model H40) with respect to illumination conditions,
motion and orientation of a tool. While the Polaris® system showed robust
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(a) without shadow (b) with shadow
Figure 40: Camera frames of the MicronTracker 2 showing a recognized tool
(a) and an undetected tool (b) during the shadow experiment. The
colored lines on the tool represented the Vectors located by the tracking
algorithm.
tracking accuracy under all conditions, the MicronTracker 2 was highly
sensitive to the examined factors.
The results of this chapter suggest that the two tracking systems have
complementary advantages. The MicronTracker 2 allows construction of
6DoF needle-shaped tools which are well-suited as fiducial needles for
navigated interventions. As a passive system, it supports multi-camera
configurations in order to eliminate line-of-sight interruptions or to expand
the FOM. The system yields good tracking accuracy under ideal conditions
but is extremely sensitive to illumination conditions as well as to the velocity
and the orientation of a tracked tool. If multi-camera configurations are
used, the tool design should be reconsidered (multi-facet tools [25]) because
flat markers do not accord well with multiple cameras.
The Polaris® system, on the other hand, is extremely robust with regard
to the examined factors. It is a well-established system, which has shown
to yield sufficient and robust tracking accuracy for a number of clinical
applications. On the other hand, construction of light tools is challenging
due to the required inter-marker distance of at least 5 cm (or 3 cm for the
Polaris® Vicra™ system with a smaller FOM). Furthermore, it does not
support multi-camera configurations.
In conclusion, the MicronTracker 2 is considered suitable for clinical
applications provided that the corresponding navigation system can deal
with outliers and that suitable light conditions can be guaranteed. However,
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Figure 41: Results for the experiment motion showing the circle fitting error for
the Polaris® system and the MicronTracker 2 (MT). The percentage of
invalid samples (tool not located) is explicitly stated for values > 0%.
if robust accuracy (i.e., a small maximum error) is relevant to the application,
the Polaris® system is recommended due to its reliability.
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(a) 12.5 m/s (0.15 rps) (b) 62.5 m/s (0.75 rps)
Figure 42: Camera frames of the MicronTracker 2 for different velocities of a tool
mounted to the rotation phantom. At high velocities, the captured
images appear blurred.
(a) Polaris® (b) MT
Figure 43: Measurement points for a tool speed of 52.5 m/s (or: 0.63 rps) for the
Polaris® system (a) and the MicronTracker 2 (MT) (b).
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Figure 44: Results of the experiment angle showing the jitter error (cf. eq. 6.5) for
the tools n1 (d = 61.5 mm), n2 (d = 81.5 mm), and n3 (d = 101.5 mm).
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Mathematics is looking for patterns.
— Richard P. Feynman, “What is science?” (1966)
At the beginning of the intervention, the image coordinate system is
aligned with the tracking coordinate system. This process involves two
steps, namely (1) locating the fiducials in both spaces, and (2) finding a
rigid transformation which optimally maps the fiducials onto each other
to define the coordinate transformation. The FLE in tracking space was
already evaluated in chapter 6. This chapter introduces the initial registra-
tion method (section 7.1) and presents and evaluates different methods for
accurately locating the fiducials in image space (section 7.2). Furthermore,
it estimates the TRE corresponding to the initial registration for different
numbers and arrangements of the fiducials (section 7.3). It is worth men-
tioning in this context that the developed motion compensation method
does not rely on the coordinate transformation computed in the initial reg-
istration step; it only requires the initial fiducial poses in image coordinates
and the current poses in tracking coordinates as input. Computation of an
initial registration, however, is useful because the associated FRE serves
as an indicator of how well the current morphology of the tissue matches
the morphology of the tissue during CT scan acquisition. The latter can be
used (either initially or during the intervention) to decide whether a rescan
is necessary (cf. section 4.2).
In the context of registration, any object with corresponding poses in the
two coordinate systems to be registered may be referred to as fiducial. In
this chapter, the term navigation aid will be used for the fiducial needles
to clearly distinguish them from the tracked markers as well as from the
control points extracted from the needles for the registration process.
7.1 initial registration method
The method for registering the tracking coordinate system initially with
the CT coordinate system works as follows:
1. Navigation aid localization: After planning CT acquisition, the naviga-
tion aids are located in the image with one of the methods described
in section 7.2, and a set of M control points~lj1, . . . ,~ljM is extracted
from the axis of each registered needle j ∈ {1, . . . N} in image coordi-
nates. The part of the needle covered by the control points should
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roughly represent the part of the needle inside the liver with~lj1 rep-
resenting the tip of the needle1. By default, M = 2 control points are
used with an inter-control point spacing of 50 mm. The navigation
aid poses can now be presented by a set of control points
L0img =
{
~l11, . . .~l1M, . . . ,~lN1, . . . ,~lNM
}
(7.1)
2. Coordinate transformation: In the second stage of the registration pro-
cedure, the navigation aids are tracked over time to identify the state
within the breathing cycle which the CT was taken in. Using the
same control point locations as in the previous step, a sequence (Lk)
of needle poses is obtained in tracking coordinates:
Lk =
{
~lk11, . . .~l
k
1M, . . . ,~l
k
N1, . . . ,~l
k
NM
}
. (7.2)
For each sample k, a rigid transformation Φk→img is computed
which maps the current control points Lk onto the original control
points L0img based on the least square method by Horn [58]. The
coordinate transformation is then given by the transformation Φˆ =
Φkˆ→img that minimizes the associated FRE within the set of recorded
samples:
kˆ = arg min
k
FREk (7.3)
FREk =
√√√√ 1
NM
N∑
j=1
M∑
m=1
∥∥∥~ljm −Φk→img(~lkjm)∥∥∥22 (7.4)
where ‖.‖2 denotes the Euclidean norm.
Note that although the FRE is often used as a figure of merit for regis-
tration accuracy, it is not necessarily a good indicator of the TRE because
- unlike the TRE - it is approximately independent of the fiducial config-
uration. The FRE can, however, be used to estimate the FLE, which in
turn allows for predicting the TRE based on the target position and the
arrangement of the fiducials [41].
7.2 fiducial needle localization
The TRE depends crucially on the accuracy of locating the fiducials in the
planning CT image, i.e., on the FLE in image space (cf. Fig. 20). Accurate
localization is challenging because the needle material leads to significant
artifacts in the CT images as shown in Fig. 45(b). The following paragraphs
1 If skin markers are applied, they can be represented by either one control point (3DoF
skin markers) or by three control points (6DoF skin markers).
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describe different methods for fiducial localization and present the experi-
ments performed to evaluate the approaches. The methods were developed
for the Polaris® tools introduced in chapter 6, because the Polaris® yielded
more robust tracking accuracy than the MicronTracker 2 (cf. chapter 6).
(a) (b)
Figure 45: Registration phantom with inserted navigation aids (a) and transversal
CT slice showing the metal artifacts when all needles are positioned
in the scanning plane of the CT-scanner (b). The phantom is a 10 cm
· 10 cm · 3 cm block of Plexiglas® with nine 2.5 cm deeply drilled holes,
which form a grid with edge length 4 cm. The navigation aids have a
needle diameter of 1.3 mm, inter-marker distances of 45 mm, 50 mm,
and 55 mm and needle lengths of 180 mm.
7.2.1 Methods
To obtain optimal registration results, a model-to-image registration method
was developed for locating a set of navigation aids accurately in a CT data
set. The algorithm can be initialized with or without user interaction (semi-
automatic/fully-automatic method). To allow for interactive correction in diffi-
cult cases, a manual navigation aid localization method was additionally
developed (manual method)
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Fully-automatic method
The navigation aid localization method is based on the concept of model-to-
image registration. Each navigation aid is modelled by a composition of a
set of basic geometrical shapes. The Polaris® navigation aids, for example,
are represented by a cylinder (the needle) and two spheres (the markers).
Alternatively, an image of the expected appearance of a navigation aid
can be provided. The parameters ~p to be optimized during the registra-
tion process represent a rigid transformation that maps the navigation aid
coordinate system onto the image coordinate system. To quantify the regis-
tration quality of the parameters ~p for a given needle model j , the model
is transformed to a point cloud Pj1, ...,P
j
Nj
(extracted from the geometrical
primitives or from the binary image) and the following metric M (to be
minimized) is applied:
M (~p, j) =
Nj∑
k=1
∣∣∣Iimg (Φ~p(Pjk))− Iref (Pjk)∣∣∣ (7.5)
where |.| is the 1-norm, Φ~p represents the rigid transformation defined
by the parameters ~p, Iimg (P) is the (linearly interpolated) voxel value in
the CT image at point P and Iref (P) is the expected (linearly interpolated)
voxel value in the CT image corresponding to P . If no image or only a
binary image of the expected appearance of the navigation aid is provided,
the metric is simplified as follows:
M (~p, j) =
Nj∑
k=1
Iimg
(
Φ~p(P
j
k)
)
(7.6)
In this case, the metric must be maximized and is based on the assump-
tion that the navigation aids yield significantly higher Hounsfield values
than the neighbouring structures and air. It essentially sums up all voxel
values inside the (moving) needle model.
The workflow for fully-automatic navigation aid registration is as follows:
1. Seed voxel finding: The algorithm identifies all voxels within the image
which exceed a predefined threshold (Hounsfield value of the needle
material: 2000 Hounsfield Units (HU)).
2. Cluster finding: Using these seed points region growing is performed
with a lower threshold (500 HU) (to include the markers) which yields
a set of connected components.
3. Cluster analysis: Each sufficiently sized component Cneedlei is treated
as a navigation aid candidate. In images with slice thickness larger
than the radius of the needle, the partial volume effect may cause
voxels corresponding to the same navigation aid to be assigned to
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different components. Consequently, the number of navigation aid
candidates may exceed the true number of needles. In that case, a
morphological closing operation followed by a morphological open-
ing operation is applied to the image obtained from the region grower
and the cluster analysis step is repeated, with the connected compo-
nents extracted from the modified image.
4. Needle fitting: The following steps are then performed for each voxel
cluster Cneedlei :
a) Navigation aid assignment: Based on the center of mass of the
voxel cluster Cneedlei and its orientation (principal component)
an initial parameter set ~pinitial is computed. The needle model
j yielding the best (initial) registration quality M (~pinitial, j), ac-
cording to the metric (cf. eq. 7.5), is assumed to correspond to
the given voxel cluster.
b) Pose optimization: Starting with the initial parameter set, a stochas-
tic optimizer (itk::OnePlusOneEvolutionaryOptimizer [63]) is
then used to minimize/maximize the metric value using a
stochastic search algorithm. The final parameter set defines
the pose of the navigation aid j in image space.
Semi-automatic method
The semi-automatic localization method is similar to the fully-automatic
method, but the seed voxels are set by the user. This method can be applied
when using a small number of needles (setting one or two seed voxels is
not time-consuming), in case the fully-automatic method failed, or when a
high resolution image prohibits the use of the fully-automatic method due
to lack of memory (the algorithm requires a copy of the image to be held
in memory).
Manual method
The manual navigation aid localization method can either be used as a
stand-alone method or as an initialization step for the automatic algo-
rithm (i.e., replacing steps 1.-3.). It requires identification of the head and
tip point of a navigation aid within the image. To achieve this, the user can
scroll through the CT slices of the data set and manipulate the navigation
aids in two different ways. First, the location of the head and the tip of the
needle model can be set to the current mouse position. Second, a model
can be directly manipulated by either moving the complete navigation aid
in one of the planes or by dragging only its head or tip which results in
a rotation of the needle around the opposite end point. Throughout the
entire procedure a fourth plane view is displayed which intersects the axis
of the needle model and lies perpendicular to the scanning plane of the CT
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scanner (Fig. 46). This supports orientation and allows the user to judge
the overall positioning.
7.2.2 Registration phantom
In order to evaluate the needle registration methods introduced in the
previous section, a Plexiglas® phantom was developed that was used to
compute reference needle poses in image space which the registration
results were compared to (Fig. 45). Determining the pose of a navigation
aid in image space with the help of the phantom requires an accurate
segmentation of the Plexiglas® block. Since the block is homogeneous and
surrounded by air, its surface can be extracted from the CT image with
sub-voxel accuracy. The extracted surface is then registered with a point
model of the block yielding a rigid transformation which - together with
the known poses of the navigation aids in the phantom coordinate system -
is used to determine the reference poses of the navigation aids in image
space.
It should be pointed out that the positions of the tips of the navigation
aids can be computed with high accuracy because the only error sources
are:
1. The drill error which is negligible ( < 0.01 mm) for the holes perpen-
dicular to the block surface (regular holes). In the case of the angular
holes the error turned out to be higher (cf. section 7.2.4).
2. The Plexiglas® segmentation error which should be smaller than the
image resolution. In fact, the mean distance between the surface
of the phantom (represented by a set of points) and the extracted
surface after registration, which can be regarded as an indicator of
the segmentation accuracy, was 0.067 ± 0.061 mm (n = 5).
In contrast, the reference positions of the heads could not be determined
with sufficient accuracy due to the lever effect: A 1.4 mm drill adaptor was
used to allow for the insertion of the needles which are only 1.3 mm in
diameter. Considering the drill depth (25 mm), the needle length (180 mm)
and the length of the needle tip (0.3 mm) this yields an error of the order of
magnitude of 1.0 mm. However, as the Polaris® markers are clearly visible
in the CT images (no metal artefacts), the head positions can be verified
visually.
7.2.3 Experiments
To evaluate the proposed localization methods, three Polaris® tools were
inserted into the registration phantom introduced above (cf. section 7.2.2).
A Toshiba Aquilion™ 16 CT scanner was utilized to acquire a set of five CT
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series using 0.5 mm slice thickness and 0.2 mm overlap. For each scan the
phantom was put in a different pose (translation and rotation around all
three axes of the CT coordinate system) whereas the configuration of the
navigation aids within the Plexiglas® block remained constant (Fig. 45(a)).
This way, a wide variety of needle poses in image space were obtained.
Three different reconstructions of the original dataset were computed:
• 0.5 mm slice thickness and 0.2 mm overlap was used for an accurate
Plexiglas® segmentation,
• 1.0 mm slice thickness and 0.2 mm overlap was used for navigation
aid registration with a clinically realistic CT series, and
• 3.0 mm slice thickness and no overlap was used to test the per-
formance of the registration methods with clinically “worst-case”
images.
Four operators participated in the study for evaluating the proposed
needle registration methods. Each operator received an introduction to
the software and applied both registration methods that require human
interaction to at least two sample CT series before beginning with the actual
experiment.
The operator then used each method for registering the set of three nee-
dles with each of the five datasets that were reconstructed with 1.0 mm slice
thickness and 0.2 mm overlap. The fully-automatic registration algorithm
was additionally applied to the set of images with 3.0 mm slice thickness
and no overlap. The results are presented in section 7.2.4.
7.2.4 Results
The results for the images with 1.0 mm slice thickness and 0.2 mm overlap
are shown in Tab. 7. Note that only the tip positions were used for the
evaluation because the refence positions for the heads were not sufficiently
accurate as explained in section 7.2.3. Furthermore, the angular hole yielded
worse results than the regular holes (automatic method: 0.5 ± 0.1 mm vs.
0.3 ± 0.1 mm) which suggests inaccurate drilling. It was thus excluded
from the results.
It can be seen that the semi-automatic and fully-automatic method outper-
form the manual one with respect to both accuracy and time, yielding mean
errors of 0.3 ± 0.1 mm (both algorithms). Visual inspection further showed
that the models positioned by the semi-automatic and fully-automatic al-
gorithm fitted both markers perfectly in all planes as shown by means of
example in Fig. 46.
Table 8 compares the performance of the fully-automatic algorithm for
two clinically possible resolutions: 1.0 mm and 3.0 mm slice thickness. The
results show that the fully-automatic algorithm yields high registration
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(a) 1 mm slices
(b) 3 mm slices
Figure 46: Typical registration result of the fully-automatic method for 1.0 mm
slice thickness/0.2 mm overlap (a) and for 3.0 mm slice thickness/no
overlap (b). The navigation aid model (red contour) is shown in the
plane intersecting the main axis of the navigation aid which is perpen-
dicular to the scanning plane.
accuracy even for the lower resolution images. The increased distance to
the reference position originates from the deviation in z-direction (i.e., the
direction perpendicular to the CT scanning plane).
7.2.5 Discussion
This section presented and compared three methods for model based
localization of navigation aids in CT images. The semi-automatic and
automatic methods outperformed the manual method with respect to
accuracy and time yielding sub-voxel accuracy and a localization time of
the order of magnitude of 30 s for three needles. The registration accuracy
of the algorithm depends primarily on the slice thickness of the planning
CT. The lower accuracy of the manual method is partly traceable back to
the fact that the users found it extremely hard to position the needle tip
correctly due to the metal artifacts.
In the meantime, the algorithms have been applied to a wide variety of
images. In general, the registration quality was excellent, but there are
several suggestions for future work:
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Method FLE [mm] Time [s]
Manual 1.4 ± 1.1 281 ± 90
Semi-automatic 0.3 ± 0.1 40 ± 7
Fully-automatic 0.3 ± 0.1 30 ± 2
Table 7: Fiducial localization results obtained from four users, and five images.
FLE: Mean distance (± σ) of the estimated needle tip position to the
reference needle tip position. Time: Mean duration (± σ) for locating
three navigation aids (measured on a 2.4 GHz/2 GByte RAM machine).
Thickness/Overlap FLE FLEx FLEy FLEz
1.0 mm/0.2 mm 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1
3.0 mm/0.0 mm 1.5 ± 0.7 0.1 ± 0.1 0.1 ± 0.1 1.5 ± 0.7
∆µ 1.2 0.0 0.0 1.3
Table 8: Comparison of registration results for different CT slice thicknesses and
the fully-automatic method. FLE: Mean distance (± σ) of the estimated
needle tip position to the reference needle tip position in mm. FLEx|y|z:
Mean distance (± σ) of the estimated needle tip position to the reference
needle tip position in x-/y-/z- direction in mm, where z is the direction
perpendicular to the CT scanning plane. ∆µ: Difference of the error means
for the two resolutions in mm.
• Partial visibility: The algorithms require the entire navigation aids
to be contained in the images. This problem might be overcome by
dividing the metric value in equations 7.6 and 7.5 by the number of
voxels that were used in the summation process.
• Connectivity: For (semi-) automatic initialization of the localization
process, the needle must be visible as one connected needle cluster
with large Hounsfield units and might fail in low resolution im-
ages due to partial volume effects. To address this issue, a Hough
transform [64] could be applied for initializing the needle pose.
7.3 prediction of registration accuracy
The main motivation for applying fiducial needles as opposed to skin
markers is the ability to track points inside the target organ itself for
motion compensation. But even if the morphology of the tissue during
the registration process is approximately identical to the morphology of
the tissue during image acquisition (“rigid body assumption”), it might
be advantageous to use needles because they can be placed significantly
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closer to the target and thus potentially lead to a small distance of the
control point centroid to the target (cf. section 3.2.3). On the other hand,
skin markers potentially yield a lower FLE than fiducial needles, and their
non-invasiveness allows applying a larger number. The aim of this section
is to investigate this issue by comparing the expected TRE for different
numbers and arrangements of fiducials via Monte Carlo simulations under
the rigid body assumption.
7.3.1 Experiments
Data
To obtain realistic fiducial configurations, an in-silico evaluation was per-
formed on a human CT data set. First, the skin, the liver (target organ)
as well as the gallbladder, the ribs, the vena cava, the intestine, the stom-
ach and the lungs were segmented. To obtain a set of tumor candidates
Timage, a 3D grid with edge length 2 cm was placed into the liver as
shown in Fig. 47(a). Each grid point inside the liver was added to the list of
tumor candidates. Furthermore, a 2D grid with an edge length of 1 cm was
projected onto the skin to obtain a set of fiducial placement candidates I.
Settings
To allow for comparing different fiducial configurations, a simulation
algorithm was developed which requires making the following settings to
define an experiment:
1. General settings:
nf : Number of fiducial needles 0 6 nf 6 3.
ns : Number of skin markers 0 6 ns 6 8.
nc : Number of configurations per tumor ~t ∈ Timage
2. Definition of noise distributions:
flefimage : Error in locating a point on a fiducial needle (f) in image
space. Based on the evaluation presented in section 7.2, zero-
mean isotropic Gaussian distributions with σ = 0.2 mm were
chosen by default along each coordinate axis (note: According
to eq. 6.2, this corresponds to an FLE of approximately 0.35 mm).
flesimage : Error in locating a skin marker (s) in image space. By
default, zero-mean isotropic Gaussian distributions with σ =
0.1 mm were chosen along each coordinate axis (note: According
to eq. 6.2, this corresponds to an FLE of approximately 0.2 mm).
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(a)
(b)
Figure 47: Screenshots of the human data set used for the in-silico evaluation. Tu-
mor candidates (yellow) and fiducial placement candidates (white) (a)
and example of simulated tool configuration for the precondition
enclose(3) with the target shown as a red cross, and the fiducial nee-
dles represented by three cylinders (b). For means of clarity, only some
critical structures are visualized.
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fleftracked(ci) : Error in locating the control point ci in tracking
space. Based on the evaluation presented in section 6.2.2, zero-
mean isotropic Gaussian distributions with σ = 0.3 mm and
σ = 0.2 mm were chosen by default for c1 (the tip) and c2 (the
second control point on the needle axis) along each coordinate
axis (note: According to eq. 6.2, this corresponds to an FLE of
approximately 0.5 mm and 0.35 mm respectively).
flestracked : Error in locating a skin marker in tracking space. Based
on the evaluation presented in section 6.2.2 (TRE in the control
point centroid), zero-mean isotropic Gaussian distributions with
σ = 0.05 mm were chosen by default along each coordinate
axis (note: According to eq. 6.2, this corresponds to an FLE of
approximately 0.1 mm).
3. Definition of preconditions on the fiducial placement:
enclose(3) (only for nf = 3): The precondition holds if and only
if the volume spanned by the axes of the fiducial needles and
the liver capsule is convex and the tumor is inside that volume
(default: false).
enclose(2) (only for nf = 2): The tumor must be enclosed by the
fiducial needles in cranio-caudal direction (default: false).
To obtain realistic fiducial configurations, a minimum distance of the
tumor to the fiducial needles (2 cm), a maximum distance of the tumor
to the tip of the fiducial needles (7 cm), a maximum distance of the skin
markers to the projection of the tumor to the skin (10 cm), a minimum
distance between the entry points (2 cm) and the tip points of the fiducial
needles (2 cm), a minimum distance between the skin markers (3 cm), a
minimum (imin = 5 cm) and maximum (imax = 10 cm) insertion depth
of the fiducial needles as well as a maximum insertion angle of a fiducial
needle relative to surface normal of the skin (αmax = 25◦) were further
defined.
Simulation Workflow
Given a set of targets Timage, a set of possible skin marker positions/inser-
tion points I, a pose of the tracking system relative to the image coordinate
system represented by a rigid-body transformation Φref relating the im-
age coordinate system with the tracking coordinate system, and a list of
a-priori settings, the following workflow is repeated nc times for each
~timage ∈ Timage:
1. Randomly generate a set S ⊂ I of |S| = ns skin marker positions on
the given grid. If the skin marker specific preconditions do not hold
for S, repeat this step.
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2. Randomly generate a set E ⊂ I\S of |E| = nf entry points for the
fiducial needles from the given list. For each entry point, randomly
generate an insertion depth from a uniform distribution given by
imin and imax. In addition, randomly generate an insertion angle α
such that α < αmax. If the fiducial needles F pass critical structures
or the fiducial needle specific preconditions do not hold for the
generated arrangement, repeat this step.
3. Compute the ground truth control point positions in image coordi-
nates Limage: Extract two control points from each fiducial needle
f ∈ F and one control point from each skin marker s ∈ S.
4. Generate the ground truth control point positions in tracking coordi-
nates Ltracked using the rigid-body transformation Φref. Note that
in the case of zero-mean isotropic Gaussian noise, we can assume
that the TRE is independent of the rigid-body transformation relating
corresponding control points [41], which allows us to set Φref = I.
5. Compute the ground truth target position in tracking coordinates
~tref = Φref(~timage).
6. Repeat n = 100, 000 times
a) Generate the perturbed control point positions in image coordi-
nates Lperturbedimage using FLE
f
image and FLE
s
image.
b) Generate the perturbed control point positions in tracking coor-
dinates Lperturbedtracked using FLE
f
tracked(c1), FLE
f
tracked(c2), and
FLEstracked.
c) Determine the rigid-body transformation Φsim that minimizes
the fiducial registration error according to the least square
method [58] when Lperturbedimage and L
perturbed
tracked are used as cor-
responding control points.
d) Compute the estimated target position ~tsim = Φsim(~timage).
e) Store the Euclidean distance between the true target position
and the estimated target position
∥∥~tref −~tsim∥∥2 as TRE.
7. Store the RMS TRE obtained from n simulations.
Evaluation
In the first set of experiments, it was assumed that the morphology of the
tissue during the registration process perfectly matched the morphology
of the tissue during image acquisition, and the simulation workflow was
applied to the following data sets:
default: nf ∈ {0, . . . , 3}, ns ∈ {0, 2, 4, 6, 8}1.
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homogenous: The same error distributions were assumed for skin mark-
ers and fiducial needles with nf ∈ {0, . . . , 3}, ns ∈ {0, 2, 4, 6, 8}1. An
isotropic Gaussian error distribution with σ = 0.2 mm was chosen for
the FLE in image space, while an isotropic Gaussian error distribu-
tion with σ = 0.1 mm was chosen for the FLE in tracking space (σ2:
variance along individual axes).
enclose(2): nf = 2, ns ∈ {0, 2, 4, 6, 8}, enclose(2) ∈ {true, false}.
enclose(3): nf = 3, ns ∈ {0, 2, 4, 6, 8}, enclose(3) ∈ {true, false}.
Those parameters that are not explicitly listed were set to their default
values (cf. Settings). To allow for a comparison of the different presettings
within one of the data sets, only those tumors within the list of candidates
Timage were considered for which all preconditions (within that data set)
could be fulfilled. For example, if the precondition enclose could not be
fulfilled for a tumor close to the liver capsule, then that tumor was removed
from the list of tumor candidates for all presettings in the corresponding
data set ENCLOSE(3).
Several studies indicate that the liver does not reliably assume the same
position at identical moments in the respiratory cycle [28]. In the second
set of experiments, it was therefore assumed that the morphology of the
liver did not perfectly match the morphology during CT acquisition but
that there was a slight shift relative to the skin surface in cranio-caudal
direction. In this case, the rigid transformation representing that shift
in tracking coordinates was applied to the reference target position in
tracking coordinates. The same transformation was applied to the tips of
the fiducial needles reflecting the fact that they move with the target organ.
In constrast, the skin entry points of the fiducial needles, as well as the
skin marker positions, remained the same, and the control points were
computed accordingly. The following data sets were then defined:
shift(1mm): nf ∈ {0, . . . , 3}, ns ∈ {0, 2, 4, 6, 8}1, shift =1 mm.
shift(3mm): nf ∈ {0, . . . , 3}, ns ∈ {0, 2, 4, 6, 8}1, shift =3 mm.
enclose(2)_shift(3mm): nf = 2, ns ∈ {0, 2, 4, 6, 8}, shift =3 mm,
enclose(2) ∈ {true, false}.
enclose(3)_shift(3mm): nf = 3, ns ∈ {0, 2, 4, 6, 8}, shift =3 mm,
enclose(3) ∈ {true, false}.
Again, the individual presettings of a data set dsi were evaluated only
for those targets Tdsi ⊂ Timage for which all preconditions could be
fulfilled. The number of configurations per tumor nc was chosen such that
nc ·nt > 100, with nt =
∣∣Tdsi∣∣.
1 nf = 0 only if ns > 4 and ns = 0 only if nf > 2
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7.3.2 Results
The simulation results are shown in Fig. 48 - Fig. 52. When the FLE
was assumed to be the same for fiducial needles and skin markers (data
set HOMOGENOUS; Fig. 49(a)), the TRE was substantially lower for the
configurations with fiducial needles (nf > 0). In contrast, using the default
settings (data set DEFAULT; Fig. 49(b)), and thus a much lower FLE for
the skin markers than for the fiducial needles, yielded the best results for
nf = 0. In other words, the better FLE had a higher influence on the TRE
than the distance of the control point centroid to the target. The mean
distance between the control point centroid to the target is shown in Fig. 48
for these experiments.
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Figure 48: Mean distance between the target and the control point centroid for
the data set DEFAULT introduced in section 7.3.1. The results were
obtained from 104 fiducial configurations (104 targets) (note: The same
configurations were used for the sets HOMOGENOUS, SHIFT(1mm),
and SHIFT(3mm)).
Figure 50 shows the simulation results for the case that the liver does
not perfectly reassume its pose at identical points within the breathing
cycle (SHIFT(1mm) and SHIFT(3mm)). In this case, fiducial needles clearly
outperformed skin markers. Adding skin markers to a given configuration
even increased registration error in this case.
In the above experiments, the fiducial needles were arranged randomly
in the vicinity of the target. Figure 51(a) compares the predicted TRE for
the case that three fiducial needles enclose the target (cf. section 7.3.1) to
the case when an arbitrary arrangement is chosen (ENCLOSE(3)). When
applying no skin markers, the TRE was reduced by approximately 20%
with enclose(3) = true compared to enclose = false. The mean distance
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of the control point centroid to the target was 3.2 cm (enclose(3) = false)
and 1.8 cm (enclose(3) = true) respectively. When adding skin markers,
the differences in error decreased due to a decreasing difference between
the distances of the control point centroids to the targets. Again, the use of
skin markers led to an increase of the TRE when a slight shift of the liver
was assumed (Fig. 51(b)). Similar observations were made for the enclosing
arrangement of two fiducial needles (Fig. 52).
7.3.3 Discussion
This section investigated the expected TRE for different numbers and
arrangements of fiducials via Monte Carlo simulations under the rigid body
assumption. It could be shown that a sufficient number of skin markers
can outperform fiducial needles due to the higher localization accuracy,
provided that the current morphology of the tissue perfectly matches the
morphology of the tissue during image acquisition. However, if there is
only a slight shift of the liver relative to the skin surface, it is advantageous
to use fiducial needles.
Several issues remain to be addressed. First, this study only investi-
gated fiducial positions/entry points above the liver. It is, however, very
common, to choose an instrument trajectory that passes between two ribs
and is approximately parallel to the lateral axis of the patient. Hence, the
simulation should be applied to more possible fiducial positions and more
data sets. Second, in order to use the proposed method for estimating the
TRE in an intervention, more realistic error distributions (e.g., anisotropic
Gaussian distributions) should be used to simulate the FLE. In that case,
the pose of the tracking system must also be considered. Finally, a more
realistic motion model representing liver movement relative to the skin
surface could be applied. It is worth mentioning in this context that we
have considered giving less weight to less reliable fiducials upon rigidly
registering the two perturbed point sets. Yet, due to the higher FLE of
the control points on the fiducial needles, this would have decreased the
influence of the needles on the computation of the target position. As
a shift of the liver relative to the skin can exclusively be captured by the
internal markers, this effect is not desirable.
In conclusion, this section demonstrated that application of fiducial nee-
dles decreases the TRE even when the morphology of the tissue during the
registration process is almost identical to the morphology of the tissue dur-
ing image acquisition. If an intervention requires a maximum of accuracy,
fiducial needles should thus be applied even if the procedure is conducted
in ventilated patients.
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Figure 49: Predicted RMS TRE for the data sets DEFAULT and HOMOGENOUS
introduced in section 7.3.1. The results were obtained from 104 fiducial
configurations (104 targets).
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Figure 50: Predicted RMS TRE for the data sets SHIFT(1mm) and SHIFT(3mm)
introduced in section 7.3.1. The results were obtained from 104 fiducial
configurations (104 targets).
110
7.3 prediction of registration accuracy
0.1
0.15
0.2
0.25
0.3
0.35
TR
E [
m
m
] enclosed (3FN)
not enclosed (3FN)
0
0.05
0 2 4 6 8
TR
E [
m
m
]
Number of skin markers
(a) ENCLOSE(3)
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
TR
E [
m
m
] enclosed (3FN)
not enclosed (3FN)
0
0.2
0 2 4 6 8
TR
E [
m
m
]
Number of skin markers
(b) ENCLOSE(3)_SHIFT(3mm)
Figure 51: Predicted RMS TRE for the data sets ENCLOSE(3) and EN-
CLOSE(3)_SHIFT(3mm) introduced in section 7.3.1. Not enclosed (3FN)
refers to the case that the precondition enclose(3) is not required. The
results were obtained from 112 fiducial configurations of 27 targets.
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Figure 52: Predicted RMS TRE for the data sets ENCLOSE(2) and EN-
CLOSE(2)_SHIFT(3mm) introduced in section 7.3.1. Not enclosed (2FN)
refers to the case that the precondition enclose(2) is not required. The
results were obtained from 184 fiducial configurations of 92 targets.
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8M O T I O N C O M P E N S AT I O N
Things should be made as simple as possible,
but not any simpler.
— Albert Einstein
To provide high accuracy during an intervention, soft tissue navigation
systems require a mechanism to compensate for intra-interventional organ
shift and deformation in real-time. In this thesis, a motion compensation
approach was developed which uses the initial and current poses of a set
of fiducials to continuously estimate the position of a moving target. This
chapter explains the basic concept of the developed method (section 8.1)
and addresses the following questions:
1. What is the best method for modelling the deformation based on the
fiducial poses (section 8.2)?
2. How should the fiducials be positioned for a minimal system er-
ror (section 8.3)?
3. Can fiducial needles be combined with skin markers to reduce the
system error (section 8.4)?
4. What is the best combination of fiducial needles and skin markers
considering the tradeoff between high accuracy and low invasive-
ness (section 8.5)?
5. Is it possible to perform gating based on the fiducial poses (sec-
tion 8.6)?
8.1 basic approach
The deformation model continuously estimates the position of the target
or any other object initially located in the planning CT scan based on the
movement of fiducial needles placed within the target region. The follow-
ing section 8.1.1 briefly reviews the mathematical concepts upon which
the deformation model is based and introduces the necessary notation.
Section 8.1.2 presents the approach in detail.
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8.1.1 Mathematical background
While affine schemes can only describe global changes in the object po-
sition, spline based approaches can capture local deformations. The
spline transformations utilized for this study provide a mapping between
two 3D spaces given a set of NC pairs of corresponding control points
( ~pi, ~qi) (i = {1, . . . ,NC} [31]. The displacement ~d(~x) at an arbitrary point
~x = (x,y, z)T is computed using the following equation:
~dW(~x) =
NC∑
i=1
G(~x− ~pi)~ci +A~x+ ~b (8.1)
where W =
[
~a1, ~a2, ~a3,~b, ~c1, . . . ,~cNC
]
are the coefficients defining the
spline, A~x+ ~b represents the affine portion of the transformation (A =
[ ~a1, ~a2, ~a3]), and G(~x) is the basis function of the chosen spline.
In this contribution, thin-plate splines (TPS), elastic body splines (EBS),
and volume splines (VS) are considered.
TPS were originally developed by Harder and Desmarais [54] and intro-
duced to medical image analysis by Bookstein [17]. They are defined on
the basis of an optimization problem [127]: The functional to be minimized
represents the bending energy of a thin plate. Although this is a rather
crude model with which to describe changes in anatomy, TPS have the ad-
vantage of being physically motivated and serve as a flexible deformation
model.
In contrast, EBS are based on a physical model of an elastic material and
were specifically designed for 3D [31]. They are solutions of the Navier
equation, which is a partial differential equation (PDE) that describes the
equilibrium displacement of an elastic, homogeneous, isotropic material
subject to forces. Davis et al. assumed the underlying force field
~F(~x) =
NC∑
i=1
~fi(~x− ~pi) (8.2)
and derived the EBS for different forces ~fi(~x) [31]. This thesis investigates
two different versions of the EBS:
EBS(r) : ~fi(~x) = ~cir(~x) (8.3)
EBS(r−1) : ~fi(~x) = ~cir(~x)
−1 (8.4)
where r(~x) = ‖~x‖2 and ‖.‖2 represents the Euclidean norm.
Finally, VS are a generalization of the univariate cubic interpolating
splines when represented with distance functions [114].
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The basis functions G(~x) for the different splines are as follows:
TPS : G(~x) = r(~x)I (8.5)
VS : G(~x) = r(~x)3I (8.6)
EBS(r) : G(~x) = (αr(~x)2I− 3~x~xT )r(~x) (8.7)
EBS(r−1) : G(~x) = βr(~x)I−
~x~xT
r(~x)
(8.8)
where I denotes the 3× 3 identity matrix, and α and β are functions of
the Poisson ratio ν = λ2(λ+µ) with the Lamé coefficients λ and µ and thus
represent the physical properties of the given material [31].
To determine the coefficients W (cf. eq. 8.1) the interpolation condition
is exploited, i.e., the spline displacements must equal the control displace-
ments:
~d( ~pi) = ~qi − ~pi (8.9)
Together with some additional flatness constraints (cf. [31]), this yields
a linear system of equations for the coefficients W, which can be solved
analytically [31].
The interested reader may refer to the literature for a more detailed
description and comparison of the spline transformations utilized here [17,
31, 128].
8.1.2 Motion compensation method
The developed motion compensation approach is based on the concept of
point based registration (cf. section 3.2.3). It requires an initialization step
based on the planning CT data (Initialization) and an update mechanism
based on the positional data obtained from the tracking system (Real-time
update). In the first step, the fiducials are located in the planning CT
image. During the intervention, a real-time deformation model is used
to continuously deform the target region according to the current fiducial
poses.
Initialization
The initialization of the motion compensation module requires three steps:
1. Fiducial localization: After planning CT acquisition, the fiducial nee-
dles are located semi-automatically in the planning CT image (cf. sec-
tion 7.2), and a set of M landmarks~limg(0)j1 , . . . ,~l
img(0)
jM is extracted
from the axis of each registered needle j ∈ {1, . . . N} in image coordi-
nates. The part of the needle covered by the control points should
roughly represent the part of the needle inside the liver. By default,
M = 2 control points are used with an inter-control point spacing
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of 50 mm. The fiducial poses can now be presented by a set of
landmarks
L0img =
{
~l
img(0)
11 , . . .~l
img(0)
1M , . . . ,~l
img(0)
N1 , . . . ,~l
img(0)
NM
}
(8.10)
2. Initial coordinate transformation: The fiducial needles are tracked over
time to identify the state within the breathing cycle which the CT
was taken in (cf. section 7.1). This yields a rigid transformation
Φinit aligning the tracking coordinate system with the CT coordinate
system. The associated FRE serves as an indicator of how well the
current morphology of the tissue matches the morphology of the
tissue during CT scan acquisition and can be used to decide whether
a rescan is necessary (cf. section 7.1).
3. Target localization: The target ~t0 is located in the planning image.
Real-time update
The deformation model is updated every 100 ms. Let P = L0img be the set
of initial control points (|P| = N ·M). The update algorithm for a point in
time k > 1 is as follows :
1. The current pose of each fiducial j is determined by the optical
tracking system and transformed to image coordinates using Φinit
~l
img(k)
jm = Φ
init(~l
TS(k)
jm ) m = 1 . . .M (8.11)
It is worth noting that this step is not required. Alternatively, all
computations could be performed in the tracking coordinate system.
Application of the rigid transformation to the set of control points,
however, is computationally inexpensive and allows visualization of
the current poses of the objects relative to the initial patient’s anatomy
in the (original) image coordinate system.
2. The current set of control points Qk is determined:
Qkj =
{
~l
img(k)
j1 , . . . ,~l
img(k)
jM
}
(8.12)
Qk =
N⋃
i=1
Qkj (8.13)
3. The underlying interpolator is updated:
• Rigid/affine transformation: If a rigid or affine transformation
is applied, P and Qk are used as corresponding control points
to compute a rigid/affine transformation Φimg(0)→img(k) fol-
lowing the algorithm of Horn [58].
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• Spline transformation: If a spline transformation is applied,
the current spline coefficients Wk = [~ak1 , ~a
k
2 , ~a
k
3 ,~b
k,~ck1 , ...,~c
k
NC
]
(cf. eq. 8.1) are computed using the control point pairs (~pij,~qkij)
as described in section 8.1.2.
4. The target is transformed:
• Rigid/affine transformation: If a rigid or affine transformation is
applied, the resulting landmark-based transformation is utilized
to transform the target point:
~tk = Φimg(0)→img(k)(~t0) (8.14)
• Spline transformation: If a spline transformation is applied, the
current position ~tk of the navigation target point ~t0 (original
position) is determined using equation 8.1:
~tk = ~t0 + ~dWk(~t
0) (8.15)
8.2 comparison of deformation models
In the proposed motion compensation approach, the position of an anatom-
ical target is interpolated from the poses of a set of reference tools with a
deformation model. For an optimal performance, the model must (1) be
real-time compatible and (2) reflect the physical behaviour of human tis-
sue. In this section, the suitability of the following real-time compatible
transformations (here: Deformation models) as basis for derived motion com-
pensation approach was evaluated: Rigid transformations (RIGID), affine
transformations (AFFINE), TPS, EBS(r), EBS(r−1), and VS (cf. section 8.1.1).
For this purpose, the TRE yielded by the different models was determined
on a set of experiments obtained from different arrangements of three fidu-
cial needles in two porcine and two human livers mounted to the motion
simulator introduced in chapter 5. An additionally tracked needle served
as the target.
8.2.1 Experiments
Two explanted human livers were obtained from patients that underwent
liver transplantation at the Department of Surgery, University of Hei-
delberg, Germany. Informed consent was obtained from the patients in
accordance with the Helsinki Declaration. In addition, two porcine livers
were purchased at the butcher’s. The set of four 5DoF Polaris® tools shown
in Fig. 53 was utilized for this study with one needle serving as target and
the remaining N = 3 needles serving as fiducial needles.
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Data acquisition
For each porcine liver PLi (i = 1,2) and each human liver HLj (j = 1,2) used
in this experiment, three different needle configurations were examined,
where one configuration represents an arrangement of the four needles
within the liver as exemplarily shown in Fig. 53.
Figure 53: Sample needle configuration with three navigation aids and one target
needle. The inter-marker distance of the 5DoF needles (cf. section 6.1)
ranged from 45 mm to 60 mm. (Reprinted with permission from Maier-
Hein et al. [89].)
For each configuration, the following workflow was conducted:
1. Needle insertion: The four optically trackable needles were inserted
“percutaneously” into the liver, such that the target needle was sur-
rounded by the needles serving as fiducial needles (Fig. 53).
2. CT acquisition: A CT scan (Somatom Sensation 16 multidetector row
scanner, Siemens, Erlangen, Germany; 0.75 mm slice thickness) at
end-expiration was acquired, where the state end-expiration was
defined as the location with the most cranial displacement of motion
within the torso model.
3. Fiducial localization: The semi-automatic stochastic registration algo-
rithm introduced in section 7.2 was applied to determine the initial
pose of the target needle relative to the fiducials.
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4. Data recording: Three data sets were recorded with the Polaris® Vi-
cra™ optical tracking system (Northern Digital Inc. (NDI); Waterloo,
Ontario, Canada)
• Continuous measurement (CONT): Beginning in end-expiration
the motion simulator was activated for a period of 30 sec and the
poses of all four needles were recorded by the optical tracking
system for several breathing cycles.
• Maximal Movement (MAX): A timer with the period of the lung
ventilator was utilized for measuring the needle poses in one
end-expiration phase and ten consecutive end-inspiration phases.
Note that the first sample was used for registering the CT coor-
dinate system with the tracking coordinate system as described
in chapter 7. This experiment allowed for the analysis of the
performance of the deformation model during maximal organ
movement.
• Minimal Movement (MIN): A timer was used to record the needle
poses in eleven consecutive end-expiration phases, to simulate
an intervention which is exclusively conducted in one previously
determined state in the breathing cycle. Again, the first sample
was required for the registration process.
Data processing
For each experiment defined by a liver ID, a configuration ID, and a
measurement type, the TRE was determined as follows:
1. Target definition: The original target position was defined as a set
of m = 5 target points T0img =
{
~t
img(0)
1 , ...,~t
img(0)
m
}
with an inter-
point spacing of 1 cm distributed along the registered target needle
beginning at its tip. Several target points were used instead of only
one, in order to account for different depths within the tissue.
2. Coordinate transformation: The first sample of the experiment was
used to calculate the transformation Φinit mapping the tracking
coordinate system to the CT coordinate system (cf. section 7.1).
3. Position estimation: For each sample k > 0, a set of measured target
points and a set of estimated target points in CT coordinates were
determined:
• Measured: The target needle position (recorded by the opti-
cal tracking system) was transformed to CT coordinates us-
ing ΦTS→img. Next, m = 5 target points Tk,measuredimg ={
~tk,measured1 , ...,~t
k,measured
m
}
with an inter-point spacing of
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1 cm were distributed along the target needle beginning at its
tip.
• Estimated: The original target points T0img were transformed
to Tk,estimatedimg =
{
~tk,estimated1 , ...,~t
k,estimated
m
}
as described
in section 8.1.2. In the case of the EBS, the Poisson ratio ν has
been optimized on a training data set that is disjunctive with the
set of experiments utilized for this study. The best results were
achieved for ν = 0.
4. TRE calculation: The RMS TRE was then defined as
TRE =
√√√√ 1
n ·m
n∑
k=1
m∑
l=1
∥∥∥~tk,estimatedl −~tk,measuredl ∥∥∥22 (8.16)
where n is the number of recorded samples excluding the first sam-
ple (k = 0), which was used for the calculation of the coordinate
transformation.
In order to compute the TRE for a set of experiments, all determined
estimation errors
∥∥∥~tk,estimatedl − ~tk,measuredl ∥∥∥2 for the individual ex-
periments were put in one single vector, and the statistics were calculated
over the entire vector.
In addition, the movement δtarget of the target needle was determined
by replacing ~tk,estimatedl by ~t
orig
l in eq. 8.16. For the RMS movement the
following equation was thus obtained:
δtargetrms =
√√√√ 1
n ·m
n∑
k=1
m∑
l=1
∥∥∥~timg(0)l −~tk,measuredl ∥∥∥22 (8.17)
8.2.2 Results
An analysis of the movement of the target needle in CT coordinates is given
in Tab. 9. It can be seen, that the RMS movement δrms between expiration
and inspiration (dataset MAX) was 14.9 mm in the case of the porcine livers
and 10.2 mm in the case of the (heavier and less elastic) human livers and
was primarily in cranio-caudal direction.
The TRE for the different transformations introduced in section 8.1.1
and the data sets CONT, MAX and MIN are shown in Tab. 10. Depending
on the transformation, the TRE was in the range of 1.6 mm to 2.2 mm
and of 1.2 mm to 2.0 mm for the porcine and human livers respectively
when computed continuously over several breathing cycles (CONT). For
the spline transformations as well as for the affine transformation, it made
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absolute x y z
Porcine livers
CONT 9.1 1.3 0.9 8.9
MAX 14.9 2.0 1.6 14.6
MIN 1.1 0.4 0.2 1.0
Human livers
CONT 5.4 0.7 1.5 5.2
MAX 10.2 1.0 2.6 9.9
MIN 1.3 0.4 0.5 1.1
Table 9: RMS movement of the target needle δrms (in mm) obtained from six
configurations in two porcine livers and six configurations in two human
livers for the three data sets CONT, MAX and MIN defined in section 8.2.1.
The absolute movement as well as the movement along the lateral (x-axis
in Fig. 26), posterior-anterior (y-axis in Fig. 26) and cranio-caudal (z-axis
in Fig. 26) axes are shown.
up approximately 15% of the RMS target movement during maximal organ
deformation (MAX). The rigid transformation performed considerably
worse, yielding an estimation error of over 20% relative to the target
movement in all experiments. When the estimation error was exclusively
computed in that state within the breathing cycle in which the CT was taken
(here: End-expiration), the error difference between the rigid transformation
and remaining transformations reduced drastically (MIN).
In order to allow for a better comparison of the different transformations
considered in this study, the TRE was further computed for the individual
needle configurations in Tab. 11. The best and the worst transformations are
explicitly listed. In addition, the TRE is visualized over several breathing
cycles for one sample configuration in Fig. 54. Depending on the transfor-
mation and the placement of the navigation aids, the system yielded an
RMS TRE in the range of 0.7 mm to 2.9 mm throughout the breathing cycle
generated by the motion simulator (PL: 0.7-2.9 mm; HL: 1.0-2.4 mm). With
the exception of the three configurations (PL2,C1), (PL2,C3), and (HL2,C3),
the rigid transformation always yielded the worst result. A careful ex-
amination of the experimental data showed that in these cases either the
navigation aids or the target needle were placed suboptimally. Figure 55
shows an example of an optimal needle placement and a misplaced target
needle.
When two fiducial needles are applied, only rigid transformations can
be used for motion compensation because the control points potentially lie
in one common plane. In the case of the porcine livers, the error increased
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(a) porcine livers
RIGID AFFINE TPS EBS(r) EBS(r−1) VS
CONT
TRE 2.2 1.6 1.6 1.9 1.6 1.9
rms/δrms 24% 17% 18% 21% 17% 21%
MAX
TRE 3.3 2.2 2.3 2.8 2.2 2.7
rms/δrms 22% 15% 15% 19% 15% 18%
MIN
TRE 0.9 0.9 0.9 1.0 0.9 1.0
rms/δrms 86% 80% 81% 89% 81% 88%
(b) human livers
RIGID AFFINE TPS EBS(r) EBS(r−1) VS
CONT
TRE 2.0 1.4 1.3 1.2 1.3 1.2
rms/δrms 37% 25% 24% 23% 24% 23%
MAX
TRE 2.9 1.8 1.7 1.6 1.7 1.6
rms/δrms 28% 18% 16% 15% 16% 15%
MIN
TRE 1.2 1.0 1.0 1.0 1.0 1.0
rms/δrms 88% 78% 78% 78% 79% 78%
Table 10: RMS TRE (in mm) for the different transformation types introduced in
section 8.1.1 and the porcine (a) and human (b) livers. The results were
obtained from six needle configurations in two livers for the three data
sets CONT, MAX and MIN defined in section 8.2.1. In addition, the RMS
TRE relative to the RMS movement δrms is listed in percent.
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RIGID AFFINE TPS EBS
(r)
EBS
(r−1)
VS Best Worst
PL1,C1 2.04 1.48 1.56 1.57 1.55 1.59 AFFINE RIGID
PL1,C2 2.86 1.82 1.90 2.19 1.83 2.29 AFFINE RIGID
PL1,C3 2.13 0.90 0.82 0.69 0.81 0.71 EBS(r) RIGID
PL2,C1 1.92 1.61 1.63 2.84 1.58 2.69 EBS(r−1) EBS(r)
PL2,C2 1.68 1.33 1.32 1.32 1.35 1.29 VS RIGID
PL2,C3 2.09 2.12 2.06 1.99 2.06 2.00 EBS(r) AFFINE
HL1,C1 2.19 1.44 1.20 0.95 1.18 0.98 EBS(r) RIGID
HL1,C2 2.37 1.06 1.07 1.10 1.07 1.09 AFFINE RIGID
HL1,C3 2.21 1.13 1.12 1.15 1.16 1.09 VS RIGID
HL2,C1 1.85 1.35 1.30 1.27 1.31 1.25 VS RIGID
HL2,C2 1.92 1.78 1.75 1.66 1.74 1.69 EBS(r) RIGID
HL2,C3 1.37 1.42 1.23 1.14 1.23 1.16 EBS(r) AFFINE
Table 11: RMS TRE (in mm) for the data set CONT defined in section 8.2.1 and
the individual fiducial needle configurations in the porcine livers (PL)
and the human livers (HL). The error is shown for the different trans-
formation types introduced in section 8.1.1, and the best and the worst
transformations are explicitly listed.
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Figure 54: TRE for the tip of the target needle (in mm) over several breathing cycles
for the different transformations and a typical needle configuration
(PL1,C3). The movement of the target serves as base (BASE).
by 39% (CONT), 43% (MAX), and 34% (MIN) respectively when utilizing
two fiducial needles as opposed to three [88].
8.2.3 Discussion
In this section, the TRE was determined for a set of real-time deformation
models with a respiratory liver motion simulator. The affine transformation
and the spline transformations (TPS, EBS, VS) performed clearly better
than the rigid transformation, yielding an RMS TRE of less than 2 mm
over the breathing cycle generated by the motion simulator introduced in
chapter 5.
According to this study, there is no clear preference for one of the spline
transformations or for the affine transformation. In fact, the non-affine
part of the spline transformations was generally close to zero (i.e., ci ≈ 0
in eq. 8.1). Interestingly, the needle placement had a higher influence on
the TRE than the transformation type. A possible explanation for this
phenomenon is the fact that the presented motion compensation method
aims to capture the motion and deformation of an elastic material with a set
of rigid objects. In order to overcome this problem, the deformation model
could be extended such that the volume defined by the control points
on the fiducial needles remains constant over time. This would account
for the incompressibility of the liver. Alternatively, one could regard
the distribution of model points along the needles as noisy: When the
volume spanned by the needles decreases, the inter-model point distance
should increase. This could possibly be achieved by applying so-called
approximating splines [128] which account for landmark (or control point
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(a) favorable configuration (b) unfavorable configuration
Figure 55: Model configuration (HL1,C1) with the target needle centered in the
volume spanned by the navigation aids (a) and unfavorable configu-
ration (PL2,C3) with a misplaced target needle (b). (Reprinted with
permission from Maier-Hein et al. [94].)
position) errors. If the model points were distributed optimally along the
needles, more distinguishing results might be obtained when comparing
the different transformations discussed here. In addition, the parameter
optimization might then yield a value for ν which is closer to the value for
liver tissue (i.e., ν > 0).
A possible explanation for why the affine transformation performed
comparably well to the spline transformations is that a relatively small
number of landmarks was used for the splines. More information could
be obtained from more fiducials, which, however, would increase the
invasiveness of the intervention.
An optimal evaluation of the deformation model would further rely on
a perfectly accurate reference position over time. However, the reference
target position used for this study was extracted from a rigid object unable
to capture the elasticity of the tissue. Furthermore, the utilized needles
were not firmly anchored within the liver and were thus potentially able to
move relative to the tissue after insertion. Finally, the target needle possibly
altered the natural movement of the liver. The use of an electromagnetic
sensor as target could overcome these problems but would raise new issues
such as the registration of the electromagnetic tracking system with the
optical tracking system and the implantation of the target. Due to the lower
tracking accuracy of electromagnetic systems compared to optical systems,
the quality of the reference target position achievable with this method
would probably still be worse than the one obtained in this study. The use
of self-locking needles, on the other hand, could be beneficial.
Despite the drawbacks discussed above, this study was one of the
first [71, 168] that has isolated the TRE from the overall targeting error of a
navigation system. The performance of the system could thus be assessed
independently of the provided visualization scheme and the experience of
the user. Furthermore, the presented evaluation approach enables a report
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of the TRE against the state within the breathing cycle generated by the
motion simulator.
8.3 fiducial placement
Sections 8.2 and 7.3 showed that the fiducial placement has a high effect on
the TRE. When using three fiducials, arranging the needles according to
a predefined pattern is challenging considering the need to avoid critical
structures and to keep a sufficient inter-needle distance. When only two
navigation aids are applied, however, it is possible to stick to given rules.
In this section, three different placement strategies for two needles are
compared in-vitro.
8.3.1 Experiments
The following three placement strategies were investigated (Fig. 56):
1. Cranio-caudal arrangement: The two navigation aids are arranged par-
allel to the cranio-caudal axis of the patient. To obtain a small distance
from the tumor to the centroid of the control points (cf. section 7.3),
the tumor should be situated between the two needles, as shown
in Fig. 56 (cm). Since an exact placement of the navigation aids
is difficult, three subcategories were defined: Left shift (cl), exact
placement (cm) and right shift (cr).
2. Lateral arrangement: The two navigation aids are arranged laterally.
Ideally, the tumor should then be located between the two needles as
shown in Fig. 56 (lm). In order to account for placement error, three
subcategories were defined: Shift up (lu), exact placement (lm), and
shift down (ld).
3. Diagonal arrangement: The two navigation aids are arranged diago-
nally, such that they can potentially capture deformation in both
cranio-caudal and lateral direction. In these experiments, the inter-
fiducial needle distance for this arrangement was larger than for the
two other placement strategies (cf. Fig. 56), and only two subcate-
gories were defined: Left-to-right (dl) and right-to-left (dr).
To allow for comparison of the three placement strategies, a porcine liver
was mounted onto the motion simulator, and a 3× 3 grid with a grid cell
size of 4× 4 cm2 was marked onto the artificial skin (Fig. 56). One optically
tracked needle was inserted through the grid cell in the middle to represent
the tumor. For each arrangement shown in Fig. 56, two navigation aids were
inserted through the corresponding grid cells, and the tracking system was
positioned accordingly (free view of all tools). Next, the motion simulator
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Figure 56: The three fiducial needle placement strategies and their subcategories.
was activated, and the poses of the three tools were recorded for 30 sec. The
initial position of the target relative to the navigation aids was extracted
from the first sample recorded by the optical tracking system, i.e., no CT
registration was conducted, but the entire experiment was performed in
tracking coordinates. As the fiducials were placed in the center of the FOM
of the tracking system this potentially led to a lower FLE than that which
would be achieved in practice based on the CT images. Yet, the experiment
still allowed us to compare the different placement strategies because the
absolute error was not relevant in this context.
The computation of the TRE was based on the difference between the
position of the target needle according to the navigation system and its posi-
tion according to the optical tracking system as described in section 8.2.1. A
rigid deformation model was applied because the other models introduced
in section 8.1.1 require the control points not to lie in one common plane.
In order to obtain robust results, this experiment was conducted twice for
each arrangement (two passes).
8.3.2 Results
The TRE for the different placement strategies is shown in Tab. 12. Both the
cranio-caudal arrangement (RMS: 1.4 mm) and the diagonal arrangement
(RMS: 1.1 mm) performed considerably better than the lateral arrangement
(RMS: 2.5 mm). In case of the lateral and the cranio-caudal placement
strategy, the results were particularly good when the target needle was
situated between the two navigation aids.
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Arrangement TRE [mm] δtargetrms [mm] TRE/δ
target
rms [%]
cranio-caudal
cl, pass 1 2.2 5.9 37
cl, pass 2 1.6 4.7 34
cm, pass 1 1.5 4.8 31
cm, pass 2 0.8 4.7 17
cr, pass 1 1.1 5.3 21
cr, pass 2 1.0 5.6 18
all (cranio-caudal) 1.4 5.2 27
lateral
lt, pass 1 3.0 5.1 58
lt, pass 2 3.1 4.7 67
lm, pass 1 0.9 5.6 17
lm, pass 2 1.1 5.6 20
lb, pass 1 3.6 6.3 58
lb, pass 2 3.1 4.8 64
all (lateral) 2.5 5.3 47
diagonal
dl, pass 1 1.4 5.2 28
dl, pass 2 1.1 4.8 22
dr, pass 1 1.0 5.7 17
dr, pass 2 0.9 4.9 18
all (diagonal) 1.1 5.1 21
Table 12: RMS TRE (in mm) for the different placement strategies shown in Fig. 56
and corresponding movement δrms of the target needle. The error
relative to the movement is additionally listed.
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8.3.3 Discussion
This section compared the TRE over the breathing cycle for three different
placement strategies of two fiducial needles in-vitro. According to the
results, the fiducials should be arranged such they can capture tissue
motion along the cranio-caudal axis (diagonal or axial arrangement). A
placement parallel to the lateral axis, on the other hand, should be avoided.
The best results were achieved when the needles enclosed the tumor.
Several issues deserve further discussion. First, a rigid deformation
model was applied because other models rely on a set of control points that
do not lie in a common plane. The following section addresses this issue by
investigating integration of skin markers when only two fiducial needles are
used. Second, the TREs for this experiment were generally better than those
presented in the previous section because the calculations were exclusively
conducted in tracking coordinates (cf. section 8.3.1). This approach did,
however, allow for comparison of the different strategies. Finally, this
study was performed in-vitro. It can be expected that similar results would
be obtained in humans in-vivo because it was shown experimentally in
chapter 5 that the motion of a liver mounted to the motion simulator
qualitatively resembles the movement of a human liver. Still, this issue
remains to be investigated.
8.4 integration of skin markers
According to section 8.2, non-rigid transformations yield a significantly
better TRE over the breathing cycle than rigid transformations. When only
two fiducial needles are applied, however, affine and spline transformations
should not be used for motion compensation because they require the
control points not to lie in one common plane. This section investigates
integration of skin markers for improving the TRE when using two fiducial
needles.
8.4.1 Experiments
This study was approved by the Committee for Animal Care and Research
of the Karlsruhe Regional Council. The experiments were conducted in two
anesthesized, intubated swine. The MicronTracker 2 was applied as the
optical tracking system because it is based on tracking of flat target patterns
and thus allows for construction of lightweight skin markers (cf. chapter 6).
Tools
The following two tool types were constructed for this experiments:
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skin markers: Thin pieces of plastic with printed target patterns as
recommended by Claron Technology (Fig. 57).
fiducial needles: Commercial RFA probes (LeVeen® CoAccess™ Elec-
trode System; Boston Scientific Corp., Marlborough, MA, USA )
equipped with printed target patterns which are localizable by the
tracking system. Due to the umbrella-shaped “anchors” (Fig. 57), the
needles can be affixed firmly within the liver.
Figure 57: Fiducial needle with soft tissue anchor and skin marker constructed for
the MicronTracker 2. (Reprinted with permission from Maier-Hein et
al. [94].)
Data acquisition
For each swine Pi (i = 1, 2), three tool configurations Cj (j = 1, 2, 3) were
examined, where each configuration represented an arrangement of three
needles and four skin markers as shown by way of example in Fig. 58. For
each configuration (Pi,Cj), the following workflow was conducted:
1. The skin markers S = {s1, . . . , s4} were attached to the skin of the
swine as shown by way of example in Fig. 58.
2. Three needle-shaped tools N = {n1,n2,n3} were inserted into the
liver such that they were arranged approximately parallel to the
cranio-caudal axis of the swine. To prevent them from slipping out,
they were affixed in the tissue via soft tissue anchors (Fig. 57).
3. A CT scan was acquired to verify that all needles were placed inside
the liver.
4. Beginning in full expiration, the tool poses were recorded over seven
breathing cycles.
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Figure 58: Example of tool configuration. (Reprinted with permission from Maier-
Hein et al. [94].)
Data processing
Processing of the recorded data for a given configuration (Pi,Cj) requires
definition of a target needle ntarget ∈ N, a set of fiducials F, and a defor-
mation model Φdef with
F ⊂ N\{ntarget} ∪ S and Φdef1 ∈ {RIGID,AFFINE, TPS}.
Next, the following workflow is performed:
1. Initialization: The tip of ntarget (which is extrapolated from the
shaft pose) is defined as the target. To store the initial poses of
all tools, a set of landmarks L0 =
{
~l01, . . .~l
0
n
}
is extracted from the
first recorded sample (i.e., during full expiration): Three landmarks
from each skin marker and two landmarks from the axis of each
fiducial needle (cf. section 8.1.2). When only one fiducial needle (and
no skin markers) is used for motion compensation, an additional
landmark (extracted from the target pattern of the tool) is added
because at least three non-collinear landmarks in total are required to
define a rigid transformation. The original position of the target ~t0
is also stored. The deformation model Φdef is then initialized with
the original fiducial poses L0. To assure robust performance, affine
1 EBS and VS were not considered in this experiment because they yielded similar TREs as
TPS according to preliminary results.
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transformations and TPS are only applied when both skin markers
and fiducial needles were used.
2. Real-time estimation: The actual intervention is represented by five
breathing cycles. For each sample k, the deformation model is up-
dated with the current control point positions Lk =
{
~lk1 , . . .~l
k
n
}
, yield-
ing the current transformation Φ0→kdef . Next, the target displacement
δk, and the TRE are computed with
δk =
∥∥∥tk − t0∥∥∥
2
(8.18)
TREk =
∥∥∥tk −Φ0→kdef (t0)∥∥∥
2
(8.19)
For each configuration (Pi,Cj), the needle enclosed by the other two in
the cranio-caudal direction was defined as the target needle ntarget. The
TRE was then computed for Φdef = RIGID and ns = 0 (baseline) and for
Φdef ∈ {RIGID,AFFINE, TPS} with ns = 4.
8.4.2 Results
Fig. 59 compares the performance of the motion compensation method
for ns = 0 and ns = 4 skin markers (nf = 0) for different deformation
models. It can be seen that integration of skin markers improves the TRE
significantly. When applying TPS with ns = 4, an error reduction of
29% was achieved compared to the case that no skin markers and a rigid
transformation was used. When the target needle was permuted (i.e., the
target was not necessarily enclosed by the fiducials in the cranio-caudal
direction), an error reduction of 37% was obtained. The performance of
the rigid transformation, however, could not be improved by integration of
skin markers.
8.4.3 Discussion
This study showed that skin markers can be used to improve the TRE
when two fiducial needles are applied for motion compensation. System
accuracy can thus be improved without increasing the invasiveness of
the intervention. The drawback of this approach, on the other hand, is
the fact that increasing the number of fiducials may lead to line-of-sight
obstructions when applying an optical system.
8.5 accuracy vs. invasiveness
When choosing the number of needles to be applied for motion compensa-
tion, there is always a tradeoff between high accuracy and low invasiveness.
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Figure 59: Mean RMS TRE for Φdef = RIGID and ns = 0 and for Φdef ∈
{RIGID,AFFINE, TPS} with ns = 4 when the needle enclosed by the
other two in the cranio-caudal direction was chosen (a) and for all
permutations of the target needle (b).
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The last section showed that integration of skin markers improves the TRE
when two fiducial needles are applied. The purpose of this study was
to determine the TRE for different numbers of skin fiducials and fiducial
needles in-vivo in order to identify an optimal fiducial configuration for a
given application.
8.5.1 Experiments
This study was approved by the Committee for Animal Care and Research
of the Karlsruhe Regional Council. The same data as in section 8.4.1 were
used.
Data processing
To evaluate the methods on a maximum amount of data, the target needle
and (if possible) the fiducials were permuted for the individual configu-
rations. A set of experiments can be defined by three values (nf,ns,Φdef),
where nf < |N| = 3 denotes the number of fiducial needles used for the
real-time computation and ns 6 |S| = 4 denotes the number of skin markers
applied.
As the target needle and the fiducials can be permuted, this yields
nc ·
(
|N|
1
)
·
(
|N|− 1
nf
)
·
(
|S|
ns
)
= 6 · 3 ·
(
2
nf
)
·
(
4
ns
)
(8.20)
number of experiments for the selected set, where nc is the number of
configurations.
To process the recorded data for a given configuration (Pi,Cj), a tar-
get needle ntarget, a set of fiducials F, and a transformation Φdef, the
workflow described in section 8.4.1 was performed.
For further analysis, each sample kwas annotated with the corresponding
state within the respiratory cycle state(k) ∈ {expiration, inspiration}.
It was assumed that a fixed portion (here: 50%) of a breathing cycle
corresponded to the state of expiration. Hence, the 0.5-quantil q0.5 (i.e., the
median) of δktarget was used as a threshold to classify the data, and the
resulting binary curve was manually corrected by relabeling outliers (to
obtain expiratory and inspiratory phases of reasonable duration). Finally,
the following measures were computed:
• RMS: RMS error in
{
TREk
}
• RMS(exp): The RMS error in
{
TREk|state(k) = expiration
}
8.5.2 Results
The mean RMS TRE RMS for different numbers of fiducial needles nf 6 2
and skin markers ns 6 4 during continuous breathing is shown in Fig. 60.
134
8.5 accuracy vs. invasiveness
It can be seen that the TRE decreases drastically when combining fiducial
needles and skin markers as opposed to using only one fiducial type. In
fact, adding one fiducial needle to a set of skin markers led to an increase
in accuracy of over 50% during continuous breathing. Applying two
arbitrarily placed fiducial needles for motion compensation as opposed to
one, on the other hand, resulted in only a small difference.
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Figure 60: Mean RMS TRE for different combinations of surface markers
and fiducial needles averaged over all possible permutations in two
swine (cf. eq. 8.20). The corresponding transformation was affine when
both fiducial needles and surface markers were used, and rigid other-
wise. For nf = ns = 0, the RMS target displacement is shown.
By using all possible permutations for the target needle and the fiducial
needles, the target was not generally enclosed by the other two needles in
cranio-caudal direction when nf = 2, reflecting the fact that cranio-caudal
arrangement may not be possible when the tumor is situated close to the
liver capsule or critical structures. Figure 61 lists the TRE for the case that
only the most centrally located needle within the liver was used as target
(i.e., the one enclosed by the other two in cranio-caudal direction). In this
case, the TRE for nf = 2 dropped by 34% from 1.8 ± 0.9 to 1.2 ± 0.5 (affine
transformation, ns = 4). Furthermore, error reductions of 12% and 20%
respectively were obtained for nf = 0, 1. In contrast, the location of the
skin markers had no major effect on the accuracy, i.e., similar results were
obtained when permuting the skin fiducials for a given ns. According to
Fig. 60, the accuracy for ns = 2, 3 and 4 skin markers was comparable.
Table 13 compares the performance of different transformation types for
different numbers nf of fiducial needles (ns = 4). While affine transforma-
tions and TPS clearly outperform rigid transformations during continuous
breathing, the transformations yield comparable results when applied at
expiration only. The best respective mean RMS errors for nf = 0, 1, 2 fidu-
cial needles were 4.8 ± 1.1 mm, 2.0 ± 0.9 mm, and 1.7 ± 0.8 mm during
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nf = 0 nf = 1 nf = 2
RIGID 4.8 ± 1.1 3.8 ± 1.1 3.4 ± 1.2
RMS AFFINE - 2.0 ± 0.9 1.8 ± 0.9
TPS - 2.1 ± 1.0 1.7 ± 0.8
RIGID 1.1 ± 0.3 0.9 ± 0.2 0.8 ± 0.2
RMS(exp) AFFINE - 1.0 ± 0.4 0.9 ± 0.3
TPS - 1.0 ± 0.4 0.8 ± 0.3
Table 13: RMS TRE (in mm) for different transformation types and numbers nf
of fiducial needles during free breathing (RMS) and at expiration only
(RMS(exp)) averaged over all possible permutations in two swine. All
skin markers were applied for motion compensation (ns = 4). Note that
affine transformations and TPS cannot be applied for nf = 0 fiducial
needles because the skin markers approximate a plane.
normal breathing, which corresponds to error reductions of 11%, 64%, and
70% as compared to the case when no motion compensation is performed
i.e., when the target position is assumed constant. Furthermore, the use
of fiducial needles improved the performance of the rigid transformation
significantly (Tab. 13). At expiration, on the other hand, the lowest errors
for nf = 0, 1, 2 fiducial needles were similar (1.1 ± 0.3 mm, 0.9 ± 0.2 mm,
and 0.8 ± 0.2 mm).
8.5.3 Discussion
This study investigated combining external and internal fiducials for real-
time motion compensation during liver interventions. For this purpose, the
TRE for different numbers of surface markers ns and fiducial needles nf
as well as for different transformation types was compared in-vivo. During
continuous breathing, nf had the greatest effect on accuracy, and both affine
transformations and TPS outperformed rigid transformations. In contrast,
comparable results were obtained for various settings at expiration. The
results of this study can be used in practice to choose an appropriate set of
fiducials for a given intervention, considering the tradeoff between high
accuracy and low invasiveness.
Soft tissue navigation with internal markers is gaining increasing atten-
tion in the literature. One of the first motion compensation approaches
based on internal markers was proposed by Schweikard et al. [133] who
combined real-time tracking of skin markers with occasional detection
of implanted internal markers based on X-ray imaging for motion com-
pensation during radiosurgery. Another related study was performed by
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Figure 61: Mean RMS TRE for different numbers of fiducial needles (ns = 4)
during continuous breathing when using all permutations of targets
and fiducials (all targets) and when using only those needles as target
that were enclosed by the other two in cranio-caudal direction (enclosed
targets). The corresponding transformation was affine for nf > 0 and
rigid otherwise.
Zhang et al. [167], in which one electromagnetically tracked fiducial needle
was used in addition to skin markers to improve registration precision
during percutaneous liver punctures. However, the skin markers were not
tracked and the authors did not evaluate the TRE for different numbers of
surface markers and fiducial needles. Moreover, only rigid registration was
performed and the tracking data was not fed into a (non-rigid) deforma-
tion model to compensate for liver motion in real-time. A study closely
resembling ours has recently been published by Krücker et al. [77], who
performed experiments in a swine model to investigate registration and
motion correction methods in the presence of respiratory motion. The
authors applied either a set of skin markers or a set of fiducial needles
for this purpose. Similar to us, they concluded that respiratory motion
can be compensated throughout the respiratory cycle when using inter-
nal fiducials. Even though the work was similar to ours, there are some
major differences. First, the authors did not investigate combining internal
and external markers for continuous motion compensation. Second, they
only tracked the tips of the fiducial needles and did not feed additional
points from the axes of the tools into the deformation model. Hence, they
effectively used 3-Degrees-of-Freedom (3DoF) tools as opposed to 5DoF or
6DoF tools. Third, an electromagnetic tracking system was applied, which
(according to the authors themselves) may have led to inaccurate tracking
data due to interference with the CT scanner. Finally, the reference target
needle pose was potentially inaccurate because the tools were not anchored
within the tissue. Hence, the two studies, while overlapping in part, can be
regarded as complementary.
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This was the first study on combining internal and external markers for
real-time organ motion compensation. According to the results, it is useful
to combine the two fiducial types because this allows for applying non-
rigid deformation models. A general recommendation is to use at least one
fiducial needle and two surface markers as well as an affine deformation
model for motion compensation during CT-guided liver punctures.
Several issues remain to be addressed. This study concentrated on the
accuracy of the deformation model, by assuming an ideal initial registration
of the tracking coordinate system with the CT coordinate system. Future
work should assess the calibration accuracy of the navigation tools and
of locating them in the CT image. Furthermore, the performance of the
motion compensation method for more than two fiducial needles was not
assessed in this experiment. In fact, it was quite cumbersome to place the
needles within the tissue because the porcine livers were generally not
thick and the anchors of the tools required a lot of space. In addition, it
would have been challenging to track at least four fiducials and a set of
skin markers concurrently, considering the requirement for enclosing the
target needle by the remaining needles. Finally, the use of splines was again
not beneficial compared to application of affine transformation despite the
use of soft tissue anchors. A possible explanation for this phenomenon is
the fact that enclosing of the target by the control points is generally not
feasible when using less than three fiducial needles.
In conclusion, the results of this study could be used in practice to decide
on a suitable combination of fiducials for a given intervention, considering
the tradeoff between high accuracy and low invasiveness.
8.6 automatic gating
According to section 8.5, the TRE is substantially smaller when performing
gated experiments than when assessing it during continuous breathing.
The purpose of this study was to automatically detect those time slots
during the intervention which correspond to the state within the breathing
cycle that the CT was taken in.
8.6.1 Experiments
This study was approved by the Committee for Animal Care and Research
of the Karlsruhe Regional Council. The same data as in section 8.4.1 were
used.
Data processing
Initialization of the system was performed as described in section 8.4.1.
Prior to the real-time estimation step, a training step was included:
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For each sample k within the first two breathing cycles, a set of landmarks
Lk =
{
~lk1 , . . .~l
k
n
}
was extracted representing the current poses of the
fiducials. Next, a rigid transformation Φ0→krigid was computed, mapping the
original landmarks L0 onto the current landmarks Lk based on the least
square method by Horn [58]. The associated FRE served as an indicator
of the deformation of the tissue (FREkrigid = 0: No deformation). The
entire data from the training phase was then used to compute a threshold
representing expiration:
FREkrigid =
√√√√ 1
n
n∑
i=1
∥∥∥~lki −Φ0→krigid(~l0i )∥∥∥22 (8.21)
θrigid = median(
{
FREkrigid
}
) (8.22)
This threshold was then used during the intervention to automatically
detect the phases of expiration.
RMS and RMS(exp) were determined as in section section 8.5.1. In
addition, the TRE for the automatically labeled states was computed:
RMS(θrigid): The RMS error in
{
TREk|FREkrigid < θrigid
}
8.6.2 Results
In general, FRErigid correlated highly with the TRE (Pearson product-
moment correlation coefficient; p < 102). Furthermore, comparable results
were obtained for the manually labeled states representing expiration and
those classified automatically as shown in Fig. 62. It should be pointed out
that (apart from several outliers) the automatically generated gating curves
were identical to the manually generated ones. Surprisingly, this held even
for the case when no fiducial needle was applied. Figure 63 exemplarily
visualizes the TRE, the target displacement δtarget, and the FRE of the
corresponding rigid transformation FRErigid over four breathing cycles for
different numbers of fiducial needles.
8.6.3 Discussion
This study showed that the FRE of a rigid transformation FRErigid reflect-
ing tissue motion generally correlates highly with the TRE and can thus be
used intra-interventionally as a measure of confidence for the estimation
accuracy of the system.
According to the experiments, FRErigid could be used to automatically
detect those time slots during the intervention which correspond to the state
within the breathing cycle that the CT was taken in. It remains to be shown,
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Figure 62: Mean RMS TRE for different numbers of fiducial needles during contin-
uous breathing (TRE), at expiration (TRE(exp)) and with automatically
detected favorable time slots based on the FRE (TRE(T_rigid)) as de-
scribed in section 8.6.1 averaged over all possible permutations in two
swine (cf. eq. 8.20). The corresponding transformation was affine for
nf > 0 and rigid otherwise (ns = 4).
however, whether continuous monitoring of the FRE can be used to support
an intervention in practice. When extracting a binary gating curve from
the tracking data based on FRErigid, a Kalman filter could be applied to
prevent outliers from making the interventional phases too short. Still, even
visualization of FRErigid by itself during an intervention could be helpful.
If deep inhalation yields a higher FRE than flat inhalation, for example, the
patient can be asked to adjust the breathing pattern accordingly.
In conclusion, the results of this study could be used in practice to
provide an automatically generated gating curve as well as an intra-
interventional measure of confidence of the accuracy of the system based
on the fiducial poses.
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Figure 63: Sample diagrams showing the TRE, the target displacement and the
FRE of the associated rigid transformation (FRE_rigid) over four breath-
ing cycles for different numbers of fiducial needles nf ∈ {0, 1, 2}. The
corresponding transformation was affine for nf > 0 and rigid otherwise
(ns = 4).
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9G U I D A N C E
All information looks like noise until you break the code.
— Neal Stephenson, “Snow Crash” (1992)
An important factor to the overall performance of a navigation system is
the guidance module, which presents the positional information extracted
from imaging and tracking data to the operator to allow for fast and
accurate transfer of the planned trajectory to the patient. As illustrated
in Fig. 7, a pure 3D reconstruction of the scene is not sufficient for this
purpose. This chapter introduces different visualization methods that
were developed for the proposed navigation system (section 9.1), presents
the experiments (section 9.2) and results (section 9.3) of a comparative
study that was conducted to evaluate these methods, and concludes with a
discussion of the results (section 9.4) as well as a description of the derived
visualization approach (section 9.5).
9.1 visualization methods
The following four different visualization schemes were designed and
implemented for the proposed navigation approach:
3d overview (ov): 3D overview of the scene which allows for user in-
teraction and provides additional objects for facilitating the targeting
process (Fig. 64).
projection view (pv): Abstract view on the scene providing a three-
stage guidance procedure comprising the steps (1) tip positioning, (2)
needle alignment, and (3) needle insertion. In each step, the relevant
information is extracted and presented on a 2D (projection) plane
that shows the user how to move the instrument (Fig. 65 - 67).
tool tip camera view (tt): 3D view shown from the perspective of
the tip of the instrument instrument with the view direction along
the needle axis (Fig. 68)
fixed camera view (fc): 3D view shown from the perspective of a
“virtual camera” placed above the insertion point with the view direc-
tion along the planned trajectory (Fig. 69).
The following sections describe the individual methods in detail.
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9.1.1 3D Overview
The 3D Overview shows a classical 3D reconstruction of the scene which
allows for user interaction (rotation of the scene, zoom, etc.). Option-
ally, additional structures for facilitating the targeting process can be dis-
played (Fig. 64):
• Instrument elongation: An elongation of the instrument to show the
direction in which the needle is pointing.
• Tip-target connection: A connecting line between the instrument tip
and the target point. This line has to coincide with the elongation of
the instrument for accurate targeting.
• Surgery tube: A transparent “tunnel” connecting the insertion point
and the target point to visualize the planned trajectory.
The 3D Overview is only used in combination with one or more of the
remaining visualization methods.
Fiducial needles
Instrument
Surgery tube
Insertion point
Target point
Instrument elongation
Tip-target connection
Figure 64: 3D Overview showing the instrument (yellow), two fiducial nee-
dles (green, blue), the insertion point (white), the target point (red), the
instrument elongation (red), the tip-target connection (turquoise) and the
planned trajectory represented by the grey surgery tube.
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(a) schematic view
Tip (mm): (61.90,-72.59) Depth: 100.60 mm
(b) sample visualization
Figure 65: Projection View during the tip positioning step. Schematic view (a) and
corresponding sample visualization (b). The planned trajectory is repre-
sented by a white insertion point and a red target point.
9.1.2 Projection View
The Projection View is an abstract view on the scene which provides a
three-stage guidance procedure adapted to the actions to be taken by the
physician upon inserting the elongate instrument, namely finding the entry
point (tip positioning), directing the instrument such as to point toward
the target point (needle alignment) and inserting the needle towards the
target (needle insertion). In each step, the relevant information is extracted
and presented on a 2D (projection) plane that shows the user how to move
the instrument:
1. Tip positioning (Fig. 65): The image generated in this step is meant to
assist the physician in finding the predetermined entry point with
the tip of the instrument. For this purpose, the tip of the instrument
is projected onto a plane perpendicular to the planned trajectory as
shown in Fig. 65. The physician then has to move the tip of the
needle essentially parallel to the skin of the patient until the cross-
mark representing the projected tip and the predetermined entry
point represented by the big aiming cross coincide. Guiding arrows
indicate the direction and distance the tip of the instrument has
to be moved about the skin surface. The third dimension is easily
assessed by maintaining the needle in contact with the skin. Two
depth indicators provide additional help. A bar diagram indicates
at which position along the predetermined trajectory the tip of the
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(a) schematic view
End (mm): (63.20,-67.46) Depth: 0.44 mm
(b) sample visualization
Figure 66: Projection View during the needle alignment step. Schematic view (a)
and corresponding sample visualization (b). The planned trajectory is
represented by a white insertion point and a red target point.
instrument currently is. If the bar of the depth indicator has reached
a centre line, this indicates that the tip has reached the entry point on
the skin of the patient. In addition, the depth or distance from the
target point is represented by a circle of variable size surrounding
the predetermined entry point: the further the tip is away from the
predetermined entry point, the larger is the circle. If the needle is
lowered onto the patient’s skin, the circle shrinks just like a light spot
of a torchlight approaching a wall. If the distance corresponding to
the predetermined entry point is reached, the circle coincides with a
stationary circle. Once the predetermined entry point has been found
with sufficient accuracy, this is indicated by a signal (yellow signal
light = insertion point reached), and the entry point finding step is
completed.
2. Needle alignment (Fig. 66): Once the predetermined entry point is
found, the instrument directing assisting step allows to easily tilt the
elongate instrument such that its longitudinal axis is aligned with
the planned trajectory. It is advantageous to perform this directing
or aligning step of the elongated instrument after finding the entry
point, because the instrument can be pivoted around the contact
point between its tip portion and the skin without losing the entry
point, which has already been located. The image displayed in this
step is similar to the one shown in the previous step except that this
time the end of the instrument is projected onto a plane orthogonal
to the planned trajectory. Once the instrument is aligned with a
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(a) schematic view
Target (mm): (-19.68,15.74) Depth: -25.95 mm
(b) sample visualization
Figure 67: Projection View during the needle insertion step. Schematic view (a)
and corresponding sample visualization (b). The planned trajectory is
represented by a white insertion point and a red target point.
predetermined accuracy, this is indicated by a signal (green signal
light = needle aligned), and the needle may be inserted.
3. Needle insertion (Fig. 67): In the last step, the needle is inserted into
the tissue. For this purpose, the target point is projected onto the
plane that is perpendicular to the axis of the instrument and intersects
the tip of the instrument. Similar as in the previous step, the user has
to move the instrument such that the projected target point coincides
with the center of the aiming cross, which represents the tip of the
instrument. Again, depth indicators show the depth of the needle
within the tissue.
In all steps within the targeting workflow, a breathing curve visualizes
the movement of the (mean of the) tips of the fiducial needles along the
cranio-caudal axis of the patient (i.e., along the principal component of
organ motion) as shown, for example, in Fig. 65.
9.1.3 Tool Tip Camera View
A “virtual camera” is placed into the tip of the instrument with the view
direction along the axis of the instrument (Fig. 68(a)). The view up vector ~v,
which defines the tilt (rotation) of the camera, is computed from the normal
vector ~n of the intervention plane (cf. section 6.1) and the view direction ~d
of the camera as follows (Fig. 68(a)):
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Normal vector of 
intervention plane
View-up vector
Direction of view 
of the camera
Intervention plane
α
(a) schematic view
Target point
Insertion point Surgery tube
Fiducials
Depth indication
(b) sample visualization
Figure 68: Schematic view of the Tool Tip Camera View illustrating the computation
of the view up vector (a) and sample visualization showing the target
point (red), the insertion point (white), the surgery tube (grey), and two
fiducial needles (green, turquoise) (b).
~˜v = (~d× ~n)× ~d (9.1)
~v =
+~˜v, if α < 90◦
−~˜v, if α > 90◦
(9.2)
where α is the angle between ~˜v and ~n as shown in Fig. 68(a) and ×
denotes the cross product.
A sample visualization of the Tool Tip Camera View is given in Fig. 68(b):
a cross in the middle of the window helps aiming at the insertion/target
point, and the current depth of the tip of the instrument within the tissue
is shown by a transparent depth bar. Once the insertion point has been
reached, the user is given the impression of “flying” through a tube (surgery
tube) representing the trajectory to the target point. Ribs, vessels, and other
critical structures may be displayed in this view.
9.1.4 Fixed Camera View
The Fixed Camera View shows the 3D scene from the perspective of a virtual
camera placed above the insertion point with the view direction along the
planned trajectory (Fig. 69). User interaction with the scene is not allowed
in this view. As in the Tool Tip Camera View, an aiming cross and a depth
bar are provided. Additional structures for facilitating the targeting process
can be displayed (cf. 3D Overview).
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(a) schematic view (b) sample visualization
Figure 69: Schematic view of the Fixed Camera View (a) and corresponding sample
visualization (b). The planned trajectory is represented by a white
insertion point and a red target point.
9.2 experiments
The respiratory liver motion simulator presented in chapter 5 was used to
evaluate the visualization methods in a realistic setup.
Six operators took part in the study.
• 2 experienced radiologists with more than 500 (R1) and 50 (R2) per-
formed punctures respectively.
• 1 experienced surgeon with about 40 performed punctures (S1)
• 1 third year medical student (M1)
• 2 computer scientists (C1,C2)
Each participant performed a set of experiments with the goal of reach-
ing a previously determined target point in an explanted porcine liver
with an optically tracked instrument based on the visualization approaches
introduced in section 9.1. Prior to each experiment, an insertion point
(corresponding to a point on the artificial skin) and a target point (corre-
sponding to a point within the porcine liver) were defined. The distance
between these two points was identical (10 cm) for all experiments to
provide identical conditions for the participants.
During the targeting procedure, the proposed navigation system was
used to continuously estimate the position of the moving target point from
a set of two fiducial needles. The operators performed the experiments
with four different views. The Projection View, the Tool Tip Camera View and
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the Fixed Camera View were used as described in the previous section. A
combination of these three views with the 3D Overview was defined as the
fourth view (Combined View).
For each view, each operator performed six targeting experiments. The
first three were performed without respiratory motion (i.e., the lung venti-
lator was not connected to the motion simulator), and the remaining three
experiments were conducted with respiratory motion. This way, the user
error could be assessed with and without time pressure. The workflow for
the targeting procedure was subdivided into the three steps tip positioning,
needle alignment, and needle insertion described above. After each step, the
operators had to verbally confirm the completion of the subtask to move to
the next step. After the tip positioning step, the insertion point was set to
the position of the tip of the instrument to isolate the errors of the different
steps from each other. In the case of the experiments with respiratory mo-
tion the participants had to finish the two steps needle alignment and needle
insertion within a 30 second respiratory resting period. The elapsed time
was indicated by an acoustic signal. In practice, the needle insertion step
could be divided into several shorter periods. Due to the missing tissue
between the artificial skin and the liver, however, the insertion process
could not be interrupted.
All methods were evaluated quantitatively and qualitatively. The qual-
itative examination was based on a questionnaire. For a quantitative
evaluation, the targeting accuracy as well as the elapsed time for each
step of the workflow were recorded1. The error of the tip positioning and
needle insertion step were defined as the distance between the measured
tip position of the instrument and the insertion point and target point
respectively. The accuracy of needle alignment was defined as the angle
between the axis of the instrument and the vector connecting the tool tip
and the target point. It should be pointed out, that “virtual” distances
provided by the navigation system were measured as opposed to physical
distances to isolate the system error from the user error.
9.3 results
This following paragraphs present the results of the quantitative (sec-
tion 9.3.1) and qualitative (section 9.3.2) evaluation of the conducted study.
9.3.1 Quantitative evaluation
Accuracy
The targeting accuracy computed after the needle insertion step is given in
Tab. 14 for the individual operators and views. As expected, both mean
1 In all experiments, the time required for simulation of respiratory motion was not included.
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and standard deviation were persistently lower for the experiments without
respiratory motion than for those with respiratory motion. The Tool Tip
Camera View outperformed the remaining visualization schemes yielding
a mean distance of 0.9 ± 0.3 mm between the needle tip and the target
point averaged over the mean values of all operators. A slightly worse
targeting accuracy was obtained for the Projection View (1.9 ± 0.9 mm)
while the Fixed Camera View performed significantly worse (5.4 ± 0.9 mm).
Interestingly, the Combined View was only ranked second among the four
views (1.3 ± 0.7 mm). According to the paired t-test [19], the differences
in accuracy for the individual views are statistically significant (α = 0.05)
with the exception of the comparison between the Combined View with the
Projection View [134].
The results of the remaining steps within the workflow (tip positioning
and needle alignment) are given in Tab. 15 and 16. Figure 70 further plots
the targeting accuracy of the tip positioning and needle insertion step for the
different visualization schemes averaged over the mean errors of the indi-
vidual operators for all experiments without and with respiratory motion.
The Tool Tip Camera View (together with the Combined View) yielded the best
accuracy for both steps. It is worth noting that the accuracy achieved in
the tip positioning step did not effect the accuracy of the remaining steps
within the targeting workflow because the insertion point was set to the
tip of the instrument upon completion of this subtask. Similarly, the needle
alignment error was not fully propagated to the overall targeting error due
to the flexibility of the skin and the lack of tissue between the liver and the
skin, which allowed for correction of the instrument position after partial
insertion. Despite the low overall targeting accuracy, the needle alignment
was best performed with the Fixed Camera View (cf. Tab. 16).
When comparing the individual operators, it becomes clear that the
computer scientists (C1 and C2), who were accustomed to the software,
achieved the best targeting accuracy. The medical student (M1) with
experience in computer games outperformed the physicians (R1, R2 and
S1). However, there was no significant increase in accuracy in the course of
the experiments for the individual operators [134].
Time
The mean time for reaching a predefined target point was 45 ± 14 sec (PV),
46 ± 9 s (TT), 33 ± 8 s (FC) and 46 ± 6 s (CV) for the experiments without
respiratory motion and 30 ± 4 s (PV), 28 ± 3 s (TT), 23 ± 5 s (FC) and
30 ± 5 s (CV) for the experiments with respiratory motion. In both cases,
the targeting time was averaged over the respective means of the individual
operators.
Figure 71 presents the duration of the the individual steps within the
workflow for the different visualization schemes averaged over all operators.
The Projection View outperformed the remaining methods in the tip posi-
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Figure 70: Mean targeting error (± σ) (in mm) for the tip positioning and needle
insertion averaged over the means of the individual operators for the
experiments without (a) and with (b) respiratory motion.
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Figure 71: Time required for the individual steps within the workflow averaged
over the means of the individual operators for the experiments with-
out (a) and with (b) respiratory motion.
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tioning and needle alignment step but was the most time-consuming method
for the needle insertion. When both time and accuracy are considered, the
Tool Tip Camera View is best suited for the needle insertion step.
Table 17 presents the results for the individual operators and visualiza-
tion methods averaged over all experiments. Again, the computer scientists
obtained particularly good results.
9.3.2 Qualitative evaluation
The evaluation of the questionnaire led to the following conclusions:
• All views are intuitive and provide a clear visualization of the scenery.
• The Tool Tip Camera View and the Projection View are the most suitable
visualization methods for clinical use. Contrary to the Fixed Camera
View, they are sufficiently supportive to guide the user as stand-alone
views.
• The Projection View is particularly useful for the tip positioning and
the needle alignment step. The visualization during the needle insertion
step is not intuitive.
• The Tool Tip Camera View is particularly helpful for the needle inser-
tion step.
• The Fixed Camera View is very intuitive and leads to fast needle inser-
tion.
• The 3D Overview is a helpful assistance when used in combination
with the Projection View or the Tool Tip Camera View.
• The surgery tube is the most supportive additional structure. The
instrument elongation and the tip-target connection are also helpful.
• In the Combined View, the individual windows appeared too small.
• It is difficult to pay attention to a depth indication on the side of the
screen.
• Display of a breathing curve might be helpful in a clinical setting.
• Additional display of CT slices might support orientation of the
operator.
More details on both the quantitative evaluation as well as on the quali-
tative evaluation can be found in [134].
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9.4 discussion
This chapter evaluated four different visualization approaches for sup-
porting computer-assisted soft tissue navigation both quantitatively and
qualitatively. According to a recent literature research, this was the first
study to evaluate a set of visualization methods for computer-guided
needle insertion in-vitro. The results show that the user error is highly
dependent on the provided visualization scheme. Although the experi-
ments were conducted in a realistic setting, it should be noted that in-vivo
targeting poses additional challenges to the operator. In practice, for exam-
ple, an initial alignment error cannot be corrected after partial instrument
insertion. In consequence, the user error measured in this study probably
underestimates the true user error. The study did, however, allow for
comparison of the suitability of the different visualization methods for the
individual steps within the workflow. The following paragraph discuss
the proposed visualization schemes and summarizes the most important
advantages and disadvantages extracted from the quantitative and the
qualitative evaluation.
Projection View
Unlike the other visualizations schemes, the Projection View reduces the
available information to that which is actually needed in the individual
steps within the targeting workflow. Initially, for example, only the infor-
mation crucial for finding the predetermined entry point is displayed: if the
physician moves the needle tip closely above the skin of the patient looking
for the entry point, the search is effectively two-dimensional, while the
third component, i.e., a component parallel to the predetermined trajectory
is obvious for the physician, as he knows that the entry point must be on
the skin of the patient. In consequence, the displayed image becomes very
easy to understand and intuitive to interpret.
The method yields a high targeting accuracy but requires more time,
which can mainly be attributed to the fact that the users found the provided
visualization scheme not intuitive for the needle insertion step. Furthermore,
a perfect match between the projected structure and the center of the
aiming cross is hard to achieve due to the jitter of the tracking system,
and the operators often hestitated in confirming sufficient accuracy for the
individual steps. This might be a possible explanation of the fact that the
Fixed Camera View yielded better results in the needle alignment step than
the Projection View although the two visualization schemes are comparable
in this step. Application of a Kalman filter might compensate for this
disadvantage.
The advantages (+) and disadvantages (−) of the Projection View can be
summarized as follows:
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+ high targeting accuracy
+ display of relevant information only
+ suitable as stand-alone visualization for the targeting process
− high time requirements for the needle insertion step
− projection presented during the needle insertion step is not intuitive
− resolution is sometimes too low
Tool Tip Camera View
According to the performed evaluation, the Tool Tip Camera View is particu-
larly suitable for the needle insertion step. In contrast, the needle alignment
step can be performed more accurately with other visualization methods.
Despite this, the Tool Tip Camera View yielded the best overall targeting
accuracy which can be attributed to the fact that the orientation of the
needle could be corrected during the insertion process, because of the lack
of tissue between the artificial skin of the motion simulator and the liver.
As in clinical practice, an initial directional misalignment cannot easily be
corrected during insertion, a different visualization approach should be
used for the alignment step.
The advantages (+) and disadvantages (−) of the Tool Tip Camera View
can be summarized as follows:
+ best targeting accuracy
+ fast targeting possible
+ suitable as stand-alone visualization for the targeting process
− depth indication suboptimal
− suboptimal for the needle alignment process
Fixed Camera View
The relatively bad results of the Fixed Camera View for the needle insertion
step can be attributed to the fact that it is relatively difficult to target the
center of a point considering that the needle has its own (small) radius.
This effect could be compensated by choosing a different representation of
the needle.
The advantages (+) and disadvantages (−) of the Fixed Camera View can
be summarized as follows:
+ intuitive
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+ fast targeting possible
+ well suited for the needle alignment step
− bad overall targeting accuracy
− not well suited for the needle insertion step
Combined View
The Combined View yielded the second best targeting results of all views.
The fact that it was outperformed by the Tool Tip Camera View can be
attributed to the smaller display of the individual views as well as to the
reduced attention of the operator due to an increased amount of presented
information.
The advantages (+) and disadvantages (−) of the Combined View can be
summarized as follows:
+ high targeting accuracy
+ combines the advantages of the individual visualization schemes
− individual views too small
− high time requirements
9.5 derived guidance method
Based on the results of the presented experiments, a three-stage visualiza-
tion scheme for computer-assisted needle insertion along a predetermined
trajectory was developed. The Projection View introduced in section 9.1.2
is applied for the tip positioning and needle alignment step while the Tool Tip
Camera View guides the user during the needle insertion process (cf. Fig. 72).
Several modifications were made to the two views to address the draw-
backs discussed in section 9.4. First, the projection plane presented during
the needle alignment step is set perpendicular to the vector connecting the
target point and the tip of the instrument (as opposed to the planned
trajectory). As by the time this step is performed, the needle tip is meant
to be placed at the predetermined entry point, this vector should coincide
with the planned trajectory. However, if there should be a small deviation
between the actual position of the tip and the predetermined entry point,
the projection vector and projection plane used allow to correct this error
by adjusting the orientation of the needle accordingly.
As the depth indication is crucial for stopping the insertion of the needle
at the correct position in order not to inadvertently penetrate through the
tumor, an additional depth indicator was added to the Tool Tip Camera
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(a) TP, schematic (b) TP, screenshot
(c) NA, schematic (d) NA, screenshot
(e) NI, schematic (f) NI, screenshot
Figure 72: Three-stage visualization scheme providing separate views for the
steps tip positioning (TP), needle alignment (NA) and needle insertion (NI).)
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View (Fig. 72(f)): Once the insertion point has been reached, the position of
the tip of the instrument within the surgery tube is indicated by a polygon-
shaped structure. When the tip of the needle approaches the target point,
the outer polygon (i.e., the end of the surgery tube) and the inner polygon
approach each other, and the outer polygon touches the inner polygon just
when the predetermined insertion depth is reached. This allows the user
to focus the attention on the target point and the depth indication at the
same time.
Finally, a breathing curve is extracted from the fiducial movement: Each
time the visualization is refreshed, the least square method by Horn [58]
is applied to find the best rigid transformation for mapping the current
fiducial poses (represented by a set of landmarks) onto the initial fiducial
poses extracted from the planning CT (represented by a set of correspond-
ing landmarks). The associated FRE is an indicator of the deformation of
the tissue and can be used to quantify how much the current state within
the breathing curve resembles the state which the CT was taken in (cf. sec-
tion 8.6). By continuously visualizing the FRE, a curve that reflects the
breathing pattern of the patient is obtained (cf. Fig. 72).
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(a) without respiration
PV TT FC CV
R1 3.9 ± 3.6 1.6 ± 0.4 7.0 ± 0.9 1.5 ± 0.1
R2 1.2 ± 1.2 1.1 ± 0.1 4.8 ± 2.1 1.6 ± 1.1
S1 0.9 ± 0.3 0.4 ± 0.2 4.1 ± 0.5 0.9 ± 0.2
M1 1.8 ± 0.4 0.7 ± 0.2 4.6 ± 0.6 0.6 ± 0.4
C1 1.0 ± 0.2 0.5 ± 0.1 4.4 ± 2.7 0.8 ± 0.2
C2 1.1 ± 0.9 0.6 ± 0.2 2.9 ± 0.1 1.1 ± 0.7
All 1.7 ± 1.1 0.8 ± 0.5 4.6 ± 1.4 1.1 ± 0.4
(b) with respiration
PV TT FC CV
R1 3.6 ± 2.9 1.0 ± 0.3 7.2 ± 3.8 2.2 ± 1.2
R2 2.0 ± 0.9 1.4 ± 0.2 5.7 ± 1.2 3.4 ± 2.7
S1 2.5 ± 1.0 1.1 ± 0.3 6.7 ± 2.2 1.2 ± 0.6
M1 1.2 ± 0.9 1.2 ± 0.7 4.9 ± 2.2 1.0 ± 0.6
C1 1.3 ± 0.5 0.9 ± 0.5 4.5 ± 1.8 0.5 ± 0.1
C2 2.0 ± 0.7 0.5 ± 0.2 7.4 ± 1.2 1.2 ± 0.3
All 2.1 ± 0.9 1.0 ± 0.3 6.1 ± 1.2 1.6 ± 1.0
(c) all
PV TT FC CV
R1 3.7 ± 2.9 1.3 ± 0.5 7.1 ± 2.5 1.8 ± 0.9
R2 1.6 ± 1.0 1.2 ± 0.2 5.3 ± 1.6 2.5 ± 2.1
S1 1.7 ± 1.1 0.8 ± 0.5 5.4 ± 2.1 1.1 ± 0.4
M1 1.5 ± 0.7 0.9 ± 0.5 4.8 ± 1.5 0.8 ± 0.5
C1 1.2 ± 0.4 0.7 ± 0.4 4.4 ± 2.1 0.7 ± 0.3
C2 1.6 ± 0.8 0.5 ± 0.2 5.1 ± 2.6 1.2 ± 0.5
All 1.9 ± 0.9 0.9 ± 0.3 5.4 ± 0.9 1.3 ± 0.7
Table 14: Needle insertion error (in mm) defined as the final distance between the
target point and the tip of the instrument after the needle insertion step.
For each operator, the mean error (± σ) averaged over all experiments
with (a), without (b) and for all experiments (c) is given. All lists the
mean (± σ) computed over the vector of means of the individual opera-
tors.
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PV TT FC CV
R1 2.9 ± 1.2 2.0 ± 1.1 3.1 ± 1.3 2.9 ± 1.6
R2 2.6 ± 1.2 2.3 ± 1.7 2.4 ± 1.3 1.5 ± 0.9
S1 1.9 ± 0.7 1.2 ± 0.7 3.3 ± 2.7 2.1 ± 1.3
M1 1.8 ± 0.4 1.6 ± 1.0 3.2 ± 1.7 1.9 ± 1.8
C1 2.2 ± 2.2 1.7 ± 1.3 2.0 ± 1.2 1.3 ± 1.1
C2 1.9 ± 0.8 1.3 ± 1.1 2.0 ± 1.2 1.8 ± 1.0
All 2.2 ± 0.5 1.7 ± 0.4 2.7 ± 0.6 1.9 ± 0.6
Table 15: Tip positioning error (in mm) defined as the distance between the insertion
point and the tip of the instrument after the tip positioning step. For each
operator, the mean error (± σ) averaged over all experiments (with and
without respiration) is given. All lists the mean (± σ) computed over the
vector of means of the individual operators.
PV TT FC CV
R1 0.8 ± 0.4 0.9 ± 0.6 0.6 ± 0.2 0.9 ± 0.5
R2 1.3 ± 0.6 0.9 ± 0.5 1.0 ± 0.6 1.1 ± 0.9
S1 0.6 ± 0.4 1.0 ± 0.5 0.6 ± 0.3 0.6 ± 0.6
M1 0.7 ± 0.4 0.5 ± 0.3 0.3 ± 0.2 0.7 ± 0.5
C1 1.1 ± 0.3 1.5 ± 0.8 0.5 ± 0.2 1.0 ± 0.4
C2 0.7 ± 0.4 0.9 ± 0.2 0.7 ± 0.3 0.6 ± 0.2
All 0.9 ± 0.3 0.9 ± 0.3 0.6 ± 0.2 0.8 ± 0.2
Table 16: Needle alignment error (in ◦) defined as the angle between the planned
trajectory and the needle axis after the needle alignment step. For each
operator, the mean error (± σ) averaged over all experiments (with and
without respiration) is given. All lists the mean (± σ) computed over the
means of the individual operators.
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(a) tip positioning
PV TT FC CV
R1 5 ± 1 6 ± 2 4 ± 1 6 ± 2
R2 4 ± 1 10 ± 7 7 ± 2 6 ± 1
S1 6 ± 2 9 ± 2 7 ± 4 11 ± 4
M1 5 ± 1 9 ± 2 10 ± 3 9 ± 2
C1 5 ± 1 5 ± 2 3 ± 1 5 ± 1
C2 5 ± 1 6 ± 1 7 ± 3 7 ± 2
All 5 ± 1 8 ± 2 6 ± 3 7 ± 2
(b) needle alignment
PV TT FC CV
R1 6 ± 4 8 ± 6 6 ± 4 7 ± 6
R2 8 ± 5 11 ± 12 8 ± 5 7 ± 3
S1 7 ± 4 11 ± 8 6 ± 2 11 ± 8
M1 7 ± 4 10 ± 7 11 ± 7 9 ± 7
C1 7 ± 4 8 ± 4 7 ± 3 8 ± 5
C2 6 ± 4 8 ± 5 9 ± 7 7 ± 4
All 7 ± 1 9 ± 2 8 ± 2 8 ± 2
(c) needle insertion
PV TT FC CV
R1 19 ± 4 18 ± 2 13 ± 3 23 ±12
R2 33 ±11 25 ± 6 11 ± 4 31 ± 9
S1 32 ±12 18 ± 6 14 ± 2 18 ± 4
M1 20 ± 5 19 ± 2 17 ± 7 21 ± 4
C1 32 ±13 25 ± 8 17 ± 2 26 ± 5
C2 17 ± 6 16 ± 4 13 ± 4 16 ± 5
All 25 ± 8 20 ± 4 14 ± 2 23 ± 5
Table 17: Time (in s) required for the steps tip positioning (a), needle alignment (b)
and needle insertion (c). For each operator, the mean time (± σ) averaged
over all experiments (with and without respiration) is given. All lists
the mean (± σ) computed over the vector of means of the individual
operators.
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Experimental science is the queen of sciences
and the goal of all speculation.
— Roger Bacon
To evaluate the performance of the developed prototype navigation
system in the clinical workflow, three studies were conducted:
1. Study I - in-vitro accuracy assessment (section 10.1): The accuracy of
the navigation system was assessed in-vitro with the respiratory liver
motion simulator presented in chapter 5. Two operators performed
20 needle insertions in a total of four porcine livers, and the overall
targeting accuracy as well as the user error were determined from
control CT scans and the recorded tracking data.
2. Study II - in-vivo accuracy assessment (section 10.2): The accuracy of
the navigation system was assessed in-vivo in two swine. For this
purpose, the evaluation workflow developed in study I was applied
in-vivo. Two medical experts and two non-experts performed 32
needle insertions in total. Based on control CT scans and the recorded
tracking data, the overall targeting error, the TRE of the system and
the user error were determined.
3. Study III - navigated vs. conventional liver biopsy (section 10.3): The
conventional CT-guided liver biopsy method was compared to the
navigated approach with respect to radiation exposure to the patient,
accuracy and time. For this purpose, two experts performed a total
of 40 biopsies (20 with each method) in five swine.
In all experiments, contrasted agar nodules were injected into the porcine
livers as tumor models (Fig. 73). The following sections present the indi-
vidual studies in detail.
10.1 study i : in-vitro accuracy assessment
The purpose of the in-vitro study was to (1) perform first experiments
for evaluating the performance of the developed prototype navigation
system in the clinical workflow and (2) to develop an accuracy assessment
workflow which could later be applied in an in-vivo study.
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Figure 73: Agar nodule in a porcine liver. (Reprinted with permission from
Maier-Hein et al. [92].)
10.1.1 Study design
The approach for assessing the targeting precision of the developed naviga-
tion system is based on simulation of the clinical liver puncture workflow
for porcine livers mounted onto a respiratory motion simulator. The follow-
ing sections describe the workflow in detail and present the experimental
conditions used in this study.
Experimental workflow
Each targeting procedure comprises four steps: Preparation, trajectory plan-
ning, registration and navigation, as well as a post-processing procedure.
While the preparation step is conducted only once for each liver, the
trajectory is planned separately for each lesion, and the remaining steps
have to be repeated for each trial (i.e., every time that same nodule is
targeted by one of the operators). The detailed workflow used for this
study was as follows:
1. Preparation: Each porcine liver was prepared according to the follow-
ing procedure:
a) Based on the method proposed by Tsuchida et al. [148], a 5%
agar dilution was prepared and mixed with contrast agent (1:15
v/v dilution).
b) Three to four agar nodules of volume 2 ml were then injected
into the liver (Fig. 73). In case of a spherical lesion, a volume of
2 ml corresponds to a diameter of approximately 1.5 cm.
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c) The liver was sewn to the diaphragm model (i.e., the Plexiglas®
plate) of the motion simulator introduced in chapter 5.
d) Two 5DoF fiducial needles were inserted into the liver in diagonal
arrangement (cf. section 8.3) as exemplarily shown in Fig. 74).
e) A planning CT scan of the motion simulator with the integrated
porcine liver was acquired (Somatom Sensation 16 multidetector
row scanner, Siemens, Erlangen, Germany). A fine resolution
(0.75 mm slices) was used because the evaluation relies on accu-
rate computation of the center of gravity of the agar nodule in
both the planning CT and the control CT.
f) The motion simulator was used to simulate several breathing cy-
cles reflecting the fact that the patients cannot hold their breaths
between acquisition of the planning CT and registration.
2. Trajectory planning: For each lesion, a trajectory to the target was
planned in the CT image as follows:
a) The tumor was segmented semi-automatically on the basis of
the graph-cut algorithm [18].
b) The navigation target point was set to the center of gravity of
the segmented tumor.
c) An insertion point was chosen on the skin.
3. Registration: After trajectory planning, the initial registration was
performed:
a) The fiducial models were registered with the planning CT image
by the semi-automatic algorithm described in section 7.2.
b) The tracking coordinate system was registered with the CT
coordinate system as described in section 7.1.
4. Needle insertion: An optically tracked instrument was used to target
a given agar nodule with the navigation system. A navigation mon-
itor provided the visualization for the targeting process according
to the visualization scheme introduced in section 9.5. The targeting
procedure was conducted at end-expiration with the artificial lungs
relaxed. As gated experiments were performed and only two naviga-
tion aids were utilized for motion compensation, a rigid deformation
model (cf. section 8.2) was chosen.
5. Post-processing: The targeting accuracy was determined with a control
CT scan:
a) Once the target was reached, the current position of the applica-
tor was recorded. Then, the tool was released and its position
was recorded again. The resulting tip “offset” was stored in
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Figure 74: Reconstructed three-dimensional view of an experiment of study I
showing the liver (brown) with four injected agar nodules (yellow), the
inserted applicator (green), the two navigation aids (blue and turquoise),
the Plexiglas® plate as diaphragm model (light blue), the artificial skin
(beige), the insertion point on the skin (white) and the target point (red).
The inter-marker distances of the tools ranged from 50 mm to 90 mm.
(Reprinted with permission from Maier-Hein et al. [92].)
image coordinates. This step was necessary because of the
lack of tissue between the artificial skin (the foam) and the
liver (cf. Fig. 74); once the applicator was released, the elastic
skin relaxed and potentially pulled the tool several millimeters
out of the liver.
b) A CT scan was acquired with the same settings as for the plan-
ning CT.
c) The tumor in the control CT image was segmented semi-auto-
matically with the graph-cut algorithm [18].
d) The navigation target point was set to the center of gravity of
the segmented tumor as reference.
e) The applicator model was registered with the control CT image
by the semi-automatic algorithm described in section 7.2.
f) The position of the applicator was corrected by the offset com-
puted in a).
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g) The distance between the computed target point and the (cor-
rected) position of the applicator tip was recorded as the overall
error.
According to the proposed workflow, all lesions were punctured twice
(once by each operator) based on one planning CT.
Experiments
In order to determine the overall targeting error of the proposed navigation
system, one computer scientist (S1) and one fourth-year medical student
(S2) conducted 20 targeting procedures in 10 tumor lesions following the
workflow described above. Each participant simulated one biopsy from
each lesion, and the following errors were recorded:
user error: The user error was defined as the final distance between the
applicator tip (given by the tracking system) and the estimated target
point position (according to the deformation model) when the target
was reached.
overall error: The overall error was computed as described above (post-
processing). It includes the user error, the instrument tracking error
and the TRE (cf. Fig. 18). In addition, it is sensitive to changes in the
applicator position between the instrument insertion step and the CT
acquisition as discussed below.
10.1.2 Results
The proposed navigation system was successfully applied for simulating
20 liver biopsies according to the workflow described above. The appli-
cator trajectory was generally non-parallel to the CT scanning plane, and
the mean distance between the insertion point and the target point was
11.6 ± 1.0 cm.
The lesions were successfully hit in all trials with a mean FRE of
0.6 ± 0.2 mm for computation of the coordinate transformation. The mean
final distance between the applicator tip and the center of gravity of the
segmented agar nodule was 3.5 ± 1.1 mm averaged over all trials (Table 18).
If the first trial of subject S2 is regarded an outlier (user error: 4.0 mm)
and excluded from consideration, the mean user error was of the same
order of magnitude for both participants (<1 mm). The mean overall
error was, however, significantly larger for S2 (4.1 ± 1.1 mm) than for
S1 (2.8 ± 0.6 mm). In addition, the user error estimated with the navigation
system was generally significantly smaller than the overall error, averaging
only 0.8 ± 0.8 mm.
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S1 S2 S1 and S2
User error
Mean (± σ) 0.5 ± 0.3 1.1 ± 1.1 0.8 ± 0.8
Median 0.4 0.7 0.6
Max 1.3 4.0 4.0
Overall error
Mean (± σ) 2.8 ± 0.6 4.1 ± 1.1 3.5 ± 1.1
Median 3.0 4.2 3.3
Max 3.8 5.4 5.4
Table 18: User error and overall error for operators S1 (n = 10), S2 (n = 10) and both
operators (n = 20) in mm (study I). The mean error (± σ), the median
error and the maximum error for the entire set of lesions (n = 10) are
listed.
10.1.3 Discussion
In-vitro evaluation of the targeting accuracy associated with the developed
navigation system yielded a mean overall error of 3.5 ± 1.1 mm. The
proposed evaluation approach has three key features. First, agar nodules
mixed with contrast agent are used as targets, as they are clearly distin-
guishable from the surrounding liver tissue and can thus be segmented
easily. In addition, they can be prepared such that they resemble real
tumors in terms of shape and size. A second key feature is the utilization
of the motion simulator as body model allowing for modelling of organ
movement due to respiration, the most challenging problem in soft tissue
interventions. Finally, the evaluation is performed in-vitro, thus allowing
for experiments in moving organs, without recourse to animal experiments,
which are time-consuming and expensive. According to a recent literature
research, this study was the first to combine in-vitro experiments with
simulation of respiratory motion.
The main drawback of the proposed evaluation approach is the subop-
timal fixation of the applicator in the body model. Unfortunately, small
movements of the tool can occur relatively easily once it has been released,
because it is held in position only by a layer of foam, several millimeters
of (elastic) liver tissue and the relatively soft agar nodule itself (Fig. 74).
In other words, there is no assurance that the applicator will not shift
further after the offset correction which potentially leads to inaccurate
determination of the final applicator position and hence to an inaccurate
error calculation. The large deviation between the user error and the overall
error can be attributed to this phenomenon. Similarly, it is possible that
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the relatively large difference between the two observers with regard to
the overall error was due to inaccurate determination of the applicator
tip offset. The computer scientist (S1), who was more experienced in use
of the system, released the applicator very carefully after each targeting
and calculated the offset correction only after ensuring that the applicator
had assumed its final position and showed no more movement. The other
participant (S2) presumably conducted the process less carefully, causing a
less accurate offset computation. In order to overcome these limitations, a
real biopsy needle could be used as the applicator and the final tip position
be marked with injected material. In this case, however, every nodule could
only be used once.
It is worth noting, that the navigation aids were better affixed within the
tissue than the instrument because they were generally inserted consider-
ably deeper into the liver (Fig. 74) and were less effected by the resilience
of the foam. As the same planning CT scan was used for all trials in one
liver and the axes of the needles were nonparallel to each other, a shift of
the navigation aids during one targeting procedure would have increased
the registration error of the next trial. A very low FRE of only 0.6 mm
on average was obtained, which suggests that the fixation of the fiducial
needles was sufficient. Moreover, the overall error did not increase over
time. To avoid problems related to this issue, however, the navigation aids
could be attached to the skin or locked into the tissue via a soft tissue
anchor.
Despite the technical problems discussed above, the obtained accuracy is
high in comparison to related work. Zhang et al. [169] reported a success
rate of 87.5% (n = 16) in two artificial tumor lesions (maximum diameter:
3.1 cm and 2.2 cm) implanted into a silicon liver mounted on a motion
simulator . Subsequently, Levy et al. [82] evaluated the liver puncture sys-
tem in a torso phantom for percutaneous intrahepatic portocaval systemic
shunt. One operator performed a total of 45 punctures in vessels of dif-
ferent diameters and assessed the targeting accuracy with two orthogonal
fluoroscopic images. The success rates were 0%, 33% and 53% for vessel
diameters 3 mm, 5 mm and 7 mm respectively.
Other studies were performed in static phantoms or in-vitro without
respiratory motion [29, 30, 151]. Das et al. [30] evaluated the feasibility
and performance of an AR visualization prototype for virtual CT-guided
interventional procedures in a multimodality abdominal phantom. With
the aid of AR guidance, three radiologists performed 30 simulated biopsies
of liver lesions of different sizes, and the position of the needle tip relative
to the lesion was verified with US and CT. The authors reported a mean
user error of 2.4 mm, an overall error of 3.5 mm and a system error of
2.1 mm (the standard deviation was not reported). Wacker et al. [151] also
performed phantom experiments without respiratory motion to evaluate
an AR navigation system in combination with a 1.5-T closed-bore MR
169
system evaluation in the clinical workflow
imager. The phantoms used for simulating needle biopsies consisted of
round buckets filled with gel, into which 20 hollow plastic tubes, 6 mm
in diameter and height, were embedded as targets. The position of the
needle tip in AR and MR space was compared in multiple imaging planes,
and a mean targeting error of 2.6 mm (n = 20) was reported. Crocetti et
al. [29] evaluated a fiducial based navigation system in-vitro in calf livers
with radiopaque 1.5 mm lead pellets introduced into the tissue serving
as targets. The authors reported a mean needle to target distance of
1.9 ± 0.7 mm (n = 24).
In conclusion, the proposed workflow demonstrated its suitability for
in-vitro evaluation of image-guided systems. The overall targeting error
yielded by the prototype system is sufficiently low for clinical use.
10.2 study ii: in-vivo accuracy assessment
The purpose of study II was to assess the accuracy of the proposed naviga-
tion system in-vivo. To obtain a meaningful error analysis, the TRE and the
user error were determined in addition to the overall error.
10.2.1 Study design
This study was approved by the Committee for Animal Care and Research
of the Karlsruhe regional council. Like in Banovac et al. [6], the accuracy
of the proposed navigation system was assessed by performing a total
of 32 liver needle insertions in two 30 kg domestic swine (P1,P2) using
hepatic agar nodules as artificial tumors. Two medical experts (E1,E2) with
experience in CT-guided interventions (> 50 punctures each) and two fourth
year medical students, which will be referred to as non-experts (NE1,NE2),
performed eight interventions each. The following sections present the
experimental conditions and describe the workflow in detail.
Animal Preparation
Each animal was prepared for the intervention according to the following
procedure. The swine was anesthetized, endotracheally intubated and
monitored throughout the experiments. A laparatomy was performed to
inject four 2 ml agar nodules (5% agar dilution mixed with contrast agent
(1:15 v/v dilution)) into the liver parenchyma using a 13 G venipuncture
needle (cf. Fig. 75). Depending on the anatomy of the target liver and the
location of the incision, the nodules were injected either into the medial
segment of the left hepatic lobe or into the medial segment of the right
hepatic lobe, avoiding critical structures such as large vessels and the gall
bladder. A CT scan of the abdomen confirmed the size and location of
the sphere-shaped nodules (diameter: 1-2 cm). On completion of the
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experiments, the anesthesized animal was killed by venous injection of
2 mmol/kg potassium chlorid to induce asystole.
Figure 75: Injection of contrasted agar nodules into the liver of a swine.
Experimental Workflow
In each swine, one expert and one non-expert targeted each of the four
lesions twice (two passes). For each pass, an ultrasound (US) device was
used to insert the navigation aids such that they were arranged along the
cranio-caudal axis of the animal and did not intersect a lesion. Custom-
designed silicon patches (Fig. 76), which provide high friction compared to
porcine skin, were used to affix the needles to the skin and thus prevented
them from slipping out. Both operators then targeted the set of four lesions
according to the following procedure. Pre-procedural expiratory CT scans
of the animal were acquired (Toshiba Aquilion 16 slice multidetector CT
scanner, Toshiba, Tokyo, Japan; 1 mm slice thickness) showing the entire set
of lesions and both navigation aids. The steps registration, path planning and
needle insertion were then performed as described in section 10.1.1. During
needle insertion, the swine was held in expiration for 20 seconds intervals.
Once the operator was satisfied with the instrument position, a control CT
scan was acquired with the same settings as for the planning scan. Note
that one planning CT scan was used for four needle insertions performed
by one operator (i.e., for one pass). Furthermore, one fiducial needle
configuration was used for both the expert and the non-expert to obtain
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comparable experimental conditions. In P1, the non-expert inserted the
fiducial needles both times and in P2, the expert inserted the needles. In all
second passes, the lesions were targeted in reverse order. Tables 21 and 22
list the experiments in chronological order.
Figure 76: Navigation tools for study III. Instrument (1) and navigation aids (2)
with a needle radius of 1 mm and inter-marker distances ranging
from 45 mm to 75 mm. The fixation aid (3) is composed of silicon
and prevents the fiducial needles from slipping out. (Reprinted with
permission from Maier-Hein et al. [96].)
Accuracy assessment
The majority of accuracy studies on guidance systems for needle punctures
evaluate the overall targeting error, i.e., the distance between a reference
target position and the final position of the tip of an inserted instrument in
post-procedural images. Unfortunately, this error depends crucially on the
provided visualization scheme and the experience of the user. To be able to
quantify the contribution of different sources of error, the user error and
the TRE were also determined:
user error: The user error was defined as the distance between the
tip of the instrument and the planned target point according to the
navigation system prior to the control CT acquisition. The associated
FRE of the corresponding rigid transformation (cf. section 8.1.2),
which will be referred to as FREuser, can be computed with eq. 7.4.
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Limitations
User error
• affected by inaccurate tool geometry
TRE
• inaccurate lesion segmentation
• contrast agent (for locating lesions) diminishes over
time
• Registered needles as opposed to tracked needles are
used to estimate the target position
Overall error
• inaccurate registration of the instrument to the control
CT scan (e.g., due to oscillation of the tool during
image acquisition)
• inaccurate lesion segmentation
• contrast agent (for locating lesions) diminishes over
time
• instrument may move prior to or during control CT
acquisition
Table 19: Limitations in computation of the user error, the TRE and the overall
error defined in section 10.2.1 (study II). The sources causing theses errors
are discussed in section 4.4.
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tre: The TRE, which is the distance between the true target position and
the estimated target position, was approximated from the two CT
scans as follows: First, the fiducial needles were registered with the
control CT scan with the algorithm described in section 7.2.1. Next, a
set of control points were extracted from the registered needles (cf. sec-
tion 8.1), and a point-based rigid registration of the two CT scans was
performed with these landmarks. The resulting rigid transformation
Φcontrol was then applied to transform the navigation target point
t0 computed in the planning CT scan to the control CT scan, and the
TRE was defined as:
TRE =
∥∥~tcontrol −Φcontrol(~t0)∥∥2 (10.1)
where ~tcontrol was the center of gravity of the segmented lesion
in the control CT scan and ‖.‖2 denotes the Euclidean norm. The
associated FRE, which will be referred to as FREcontrol, was also
stored. Note that the true TRE originates from the tracked fiducial
needles as opposed to the registered needle positions.
overall error: The overall targeting error, or CT error, was defined as
the distance between the tip of the inserted instrument and the center
of gravity of the lesion in the control CT scan. To compute the error,
the instrument model was registered to the control CT scan with the
semi-automatic approach described in section 7.2, and the lesion was
segmented semi-automatically with the graph-cut algorithm [18].
The sources contributing to the individual errors were already discussed
in section 4.4. The limitations in assessing them with the proposed work-
flow are given in Tab. 19. Note that although the overall error can be
approximated by the user error and the TRE, the individual components
cannot be related because they were computed on different images.
10.2.2 Results
The proposed navigation system was applied for 32 needle insertions
according to the workflow described above. The lesions were hit in 97% of
all trials (31 out of 32) with a mean user error of 2.4 ± 2.1 mm, a mean TRE
of 2.1 ± 1.1 mm and a mean overall error of 3.7 ± 2.3 mm averaged over all
trials (Tab. 20). When the needle insertion was conducted immediately after
the planning CT acquisition (first trial after CT acquisition), the TRE and the
overall targeting error dropped to 1.7 ± 1.4 mm (n = 8) and 2.3 ± 1.0 (n = 8)
respectively. The results of the individual trials are shown separately for the
two swine in Tab. 21 and 22 respectively. The non-experts obtained better
results than the medical experts with mean user errors of 1.6 ± 1.2 mm
compared to 3.2 ± 2.4 mm. Figure 77 shows an example of an inserted
instrument in a control CT scan.
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Figure 77: Control CT scan showing the registered instrument, the segmented
lesion within the liver and the center of gravity of the lesion (red circle).
(Reprinted with permission from Maier-Hein et al. [96].)
The mean trajectory length was 5 ± 3 cm ranging from 1 cm to 11 cm.
Despite the leverage effect, the targeting error did not increase with an
increasing depth of the lesion, as shown in Fig. 78.
The shift of the tumor relative to the navigation aids, which was com-
puted from the registered images in the control CT coordinate system (cf. sec-
tion 10.2.1), occured primarily in anterior-posterior direction, which cor-
responds to the y-axis of the image coordinate system. An example is
shown in Fig. 79. Similarly, the direction of the error vector measured
in the control CT scan was not (necessarily) along the needle axis but
also in anterior-posterior direction with a mean y-component of +1.9 mm,
reflecting a shift downwards.
The mean time for performing four needle insertions based on one
planning CT scan (i.e., for one pass) was 57 ± 19 min with a mean setup
time of 27 min, which comprises the times for fiducial insertion (24± 15 min),
planning CT acquisition (1 ± 0 min) and registration (2 ± 1 min). The mean
time for path planning and targeting was 5 ± 4 min and 2 ± 1 min
respectively. Apart from the fiducial insertion step, experts and non-experts
obtained comparable results (Tab. 23).
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TRE FREcontrol User error FREuser Overall error
Mean (± σ) 2.1 ± 1.1 0.7 ± 0.4 2.4 ± 2.1 0.9 ± 0.4 3.7 ± 2.3
RMS 2.4 0.8 3.1 0.9 4.3
Median 1.9 0.6 1.7 0.7 3.4
Max 5.4 1.9 11.0 1.7 11.6
Table 20: Error statistics (all in mm) computed on the entire set of 32 trials accord-
ing to the definitions in section 10.2.1. The mean error (± σ), the RMS
error, the median error and the maximum error for all experiments in
study II are listed (n = 32).
10.2.3 Discussion
Evaluation of the developed prototype navigation system yielded a mean
user error of 2.4 ± 2.1 mm, a TRE of 2.1 ± 1.1 mm and an overall targeting
error of 3.7 ± 2.3 mm averaged over 32 needle insertions performed by
four operators in two swine. Breaking the overall error down into multiple
components made it possible to quantify the contribution of different error
sources.
According to Tab. 24, the proposed system is highly accurate in compar-
ison with related work. This can mainly be attributed to the application
of needle-shaped fiducials for registration and motion compensation. Fur-
thermore, optical tracking is known to be considerably more accurate than
electromagnetic tracking. The user error is presumably also comparatively
low - unfortunately, it has not been assessed in other studies (Tab. 24).
Study design for in-vivo accuracy assessment of guidance systems is chal-
lenging, and many different approaches have been investigated. Zhang et
al. [169] injected contrasted agar nodules into the livers of two ventilated
swine. The targeting error (median: 8.3 mm) was determined from fluoro-
scopic images in anterior-posterior and lateral views. As these images were
only two-dimensional, the target registration error (TRE) could not be de-
termined with this approach. Fichtinger et al. [40] conducted experiments
in ventilated swine cadavers and used stainless-steel staples as targets. The
overall targeting error (6.4 ± 1.8 mm) was determined from control CT
scans. As the navigation system was based on 2D image overlay (the instru-
ments were not tracked), there was no quantitative positional information
throughout the procedure and the user error could thus not be determined.
Khan et al. [72] evaluated their navigation system in human cadavers, with
three different targets: A predefined position within the ascending aorta,
a calcified plaque in an artery, and the tip of a port catheter. The overall
error (8.4 ± 1.8 mm) was determined from control CT scans, but the user
error and the TRE were not reported. Nicolau et al. [113] evaluated the
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TRE FREcontrol User error FREuser Overall error
NE1, pass 1
L1 0.6 0.3 0.7 0.9 1.0
L2 2.0 0.6 3.3 1.2 6.1
L3 2.7 0.4 0.9 0.8 3.3
L4 3.7 1.6 1.2 1.6 4.4
E1, pass 1
L1 1.2 0.4 4.6 0.7 5.8
L2 1.4 0.8 3.4 1.1 6.1
L3 2.9 0.3 4.4 0.7 3.8
L4 1.8 0.9 2.0 1.7 3.4
NE1, pass 2
L4 2.4 0.5 1.7 1.1 2.9
L3 1.5 0.6 1.5 0.8 3.4
L2 3.2 0.9 3.9 0.6 3.8
L1 3.3 0.9 3.1 1.3 3.2
E1, pass 2
L4 2.3 0.7 4.7 0.6 5.0
L3 1.7 0.3 4.1 0.4 6.3
L2 2.4 0.9 11.0 0.6 11.6
L1 2.2 0.4 3.3 0.6 5.2
Expert 2.0 ± 0.6 0.6 ± 0.3 4.7 ± 2.7 0.8 ± 0.4 5.9 ± 2.5
Non-Expert 2.4 ± 1.0 0.7 ± 0.4 2.0 ± 1.2 1.0 ± 0.3 3.5 ± 1.4
Both 2.2 ± 0.8 0.7 ± 0.4 3.4 ± 2.5 0.9 ± 0.4 4.7 ± 2.3
Table 21: TRE with corresponding FRE, user error with corresponding FRE and
overall targeting error (all in mm) as defined in section 10.2.1 (study
II) for the individual trials (Lx: Lesion ID) of expert 1 (E1) and non-
expert 1 (NE1) in swine 1 (P1). The mean errors (± σ) for the ex-
perts (n = 16), the non-experts (n = 16) and all operators (n = 32) are also
reported.
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TRE FREcontrol User error FREuser Overall error
E2, pass 1
L1 3.0 1.3 2.1 1.2 0.6
L2 1.8 0.9 2.6 1.4 3.3
L3 4.1 1.6 2.1 1.5 3.7
L4 5.4 1.9 0.9 1.4 7.1
NE2, pass 1
L1 1.2 0.3 0.6 0.6 0.9
L2 1.5 0.6 3.7 0.4 2.7
L3 1.3 0.6 0.9 0.5 2.2
L4 1.9 0.6 0.9 0.7 3.0
E2, pass 2
L4 1.0 0.2 1.8 0.3 0.7
L3 0.6 0.2 1.3 0.5 2.5
L2 1.7 0.6 1.7 0.6 3.9
L1 0.9 0.8 1.6 0.5 2.9
NE2, pass 2
L4 1.5 0.7 1.0 0.7 1.8
L3 0.5 1.1 0.9 1.1 1.6
L2 2.8 0.8 0.8 0.9 0.7
L1 2.5 0.5 0.5 0.8 3.9
Expert 2.3 ± 1.7 0.9 ± 0.6 1.7 ± 0.5 0.9 ± 0.5 3.1 ± 2.1
Non-Expert 1.6 ± 0.7 0.7 ± 0.2 1.2 ± 1.0 0.7 ± 0.2 2.1 ± 1.1
Both 2.0 ± 1.3 0.8 ± 0.5 1.5 ± 0.8 0.8 ± 0.4 2.6 ± 1.7
Table 22: TRE with corresponding FRE, user error with corresponding FRE and
overall targeting error (all in mm) as defined in section 10.2.1 (study
II) for the individual trials (Lx: Lesion ID) of the expert 2 (E2) and
non-expert 2 (NE2) in swine 2 (P2). The mean errors (± σ) for the
experts (n = 16), the non-experts (n = 16) and all operators (n = 32) are
also reported.
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Experts Non-experts All
Fiducial insertion 14 ± 5 33 ± 16 24 ± 15
Planning-CT 1 ± 0 1 ± 0 1 ± 0
Registration 2 ± 1 2 ± 1 2 ± 1
Path planning 5 ± 3 5 ± 4 5 ± 4
Targeting 2 ± 1 2 ± 1 2 ± 1
Table 23: Mean duration (± σ) (in min) of the individual steps of the navigation
workflow for the experts (n = 16), the non-experts (n = 16) and averaged
over all operators (n = 16) for study II.
system on six patients who underwent radiofrequency ablation of the liver.
The final position of the inserted instrument was ascertained from a control
CT scan, which was registered rigidly with the planning CT scan based
on the segmented liver surfaces. Both the tracked needle position and
the real needle position were transformed to the planning CT scan and
the distance between the tips of the needles were defined as the system
error (mean: 4.3 mm). As the tracking information was not used to guide
the needle placement, neither the user error nor the overall targeting error
could be reported. Similarly, Krücker et al. [78] defined different anatomical
targets in 19 patients and reported the tracking error (3.5 ± 1.9 mm and
5.8 ± 2.6 mm without/with previous instrument positions) as the distance
between the virtual needle position superimposed onto the control CT scan
and the true needle position ascertained from the image. The registration
of the planning CT scan with the control CT scan was based on surface
markers serving as landmarks for a point-based registration. Again, the
user error and the overall targeting error could not be reported because the
navigation system had not been used to guide needle placement. Wacker et
al. [151] used the pancreatic tail (n = 3), the gallbladder (n = 3), a renal
calyx (n = 2) and a central bile duct (n = 2) as targets in three swine, and
one author performed ten puncture attempts (one in each target). The
overall targeting error (9.6 ± 4.9 mm) was obtained from verification MR
scans but the user error, the TRE and the system error were not reported.
One purpose of this study was to assess the contribution of different
error sources to the overall targeting error. To achieve this, a modification
of the approach proposed by Zhang et al. [169] was applied, yet control CT
scans were used for instrument verification as opposed to 2D fluoruscopic
images. A limitation of the proposed evaluation approach is the lack of
fixation of the instrument within the lesion. In fact, all participants in this
study reported a shift of the instrument once they released it to allow for
the control CT scan acquisition, which led to a relatively large user error
(and thus overall error) in several cases. Despite the fact that the operators
were allowed to reposition the instrument until they were satisfied with the
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Figure 78: Overall targeting error plotted against tumor depth (study II).
Figure 79: Planning CT scan (red) registered to the control CT scan (green) show-
ing the shift of the tumor due to instrument insertion (study II). The
segmentations of the lesions are shown as red and green contours for
the planning CT scan and the control CT scan respectively. (Reprinted
with permission from Maier-Hein et al. [96].)
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result, optimal positioning was not always possible due to the weight of the
instrument, which tended to pull the needle partly out of the liver when
the trajectory was short. One lesion (P1,L2), for instance, was situated so
close to the liver capsule that the instrument did not even stay within the
liver parenchyma which led to high user errors of up to 12 mm. Note that
this phenomenon is a possible explanation for the fact that short trajectories
sometimes yielded lower accuracy: The deeper the lesion, the better the
fixation of the needle. Unfortunately, the anatomy of the porcine livers did
not always allow for implantation of deeply located lesions. Anchoring the
instrument within the liver itself was considered to address this issue, yet,
the soft tissue anchor would have potentially destroyed the lesion and thus
not have allowed multiple needle insertions. Needle movement is generally
a problem for both conventional and computer-assisted needle insertions,
however, it has not been discussed in related studies.
Surprisingly, the non-experts performed better than the experts with
a user error of 1.6 ± 1.2 mm compared to 3.2 ± 2.4 mm. A possible
explanation for this phenomenon is the fact that the experts are accustomed
to inserting the needle very quickly. The non-experts, on the other hand,
had to learn the procedure without any prior knowledge and were thus
more amenable to the navigated method. This issue will be investigated in
the future.
Although gated experiments were performed, the TRE was significantly
larger than zero, indicating tumor shift and/or deformation that was not
captured by the fiducials. As the needle insertions that were conducted
immediately after the planning CT acquisition yielded better accuracy
than the remaining ones, this can be attributed to the manipulation of the
tissue by repeated needle insertions. Furthermore, the instrument was
reused many times and thus potentially caused more tissue deformation
than a sharp needle would have caused. Registration of the planning CT
scan with the control CT scan showed that the tumor shifted primarily in
anterior-posterior direction - not (necessarily) along the direction of the
instrument. This displacement could possibly have been captured by the
fiducial needles if they had been affixed within the liver itself and not on
the skin, which, however, would have raised new issues in the context of
tool design and risk of injury.
The operators performed four needle insertions based on only one plan-
ning CT, reflecting the fact that needle repositioning is very common during
RFA procedures to completely destroy a tumor. When the needle insertion
was conducted immediately after the planning CT acquisition, the error
dropped significantly. Therefore, the tradeoff between accuracy and time
should be considered when deciding on an optimal number of planning
CTs in practice.
The time for inserting the fiducial needles via ultrasound was relatively
long (24 min) especially for the non-experts (33 min) who had no experience
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in punctures. This can partly be attributed to the fact that the operators
were not familiar with the anatomy of the swine. Furthermore, one fiducial
needle configuration was used for targeting all four lesions, which had to
be considered when planning the fiducial insertion. Still, intervention time
was not the focus of this study. In a second in-vivo study (cf. section 10.3),
an average procedure time of 20 min (n = 20) was obtained.
In conclusion, the proposed liver navigation system allows for accurate
needle placement into hepatic tumors in ventilated swine based on only
one planning CT scan. The advantages and shortcomings of the proposed
approach in comparison to related work are discussed in chapter 11.
10.3 study iii: navigated vs. conventional liver biopsy
The purpose of the second in-vivo study was to compare the conventional
CT-guided liver biopsy method with the navigated approach with respect
to radiation exposure to the patient, accuracy and time.
10.3.1 Study design
This study was approved by the Committee for Animal Care and Re-
search of the Karlsruhe regional council. A total of 40 liver biopsies were
performed in five 22-29 kg domestic swine (P1,. . .,P5) using contrasted blue-
colored hepatic agar nodules as artificial tumors. A radiologist (E1) with a
high level of experience in punctures (> 500) applied the conventional liver
biopsy method to a total of 20 targets in the five swine. Another medical
expert (E2) with experience in CT-guided interventions (> 50 punctures)
used the developed navigation system to target the same nodules. A semi-
automatic biopsy gun with integrated coaxial needle (BioCut™ Integral
16 G×25 cm) was used for tissue extraction (cf. Fig. 30). The following
sections present the experimental conditions and describe the workflow in
detail.
Animal Preparation
The animals were prepared according to the procedure described in sec-
tion 10.2.1. In this study, however, 0.5 ml agar nodules were utilized as
artificial tumors (note: In the case of sphere-shaped lesions, a volume of
0.5 ml corresponds to a diameter of approximately 5 mm). Furthermore,
some blue color was added to the agar mixture to be able to distinguish the
lesions clearly from liver parenchyma when extracting tissue (cf. Fig. 80(f)).
Experimental Workflow
In each swine, both operators targeted a set of four lesions once. Prior
to the experiments, an orientation CT scan was acquired to verify that all
182
10.3 study iii: navigated vs. conventional liver biopsy
A
ut
ho
rs
Fi
du
ci
al
s
Tr
ia
ls
Sy
st
em
er
ro
r
T
R
E
U
se
r
er
ro
r
O
ve
ra
ll
er
ro
r
Ba
no
va
c
et
al
.[
6]
4
SM
,1
FN
n
=
32
-
-
-
8.
3a
±
3.
7
Fi
ch
ti
ng
er
et
al
.[
40
]
-
n
=
22
-
-
-
6.
4
±
1.
8
K
ha
n
et
al
.[
72
]
9
SM
n
=
42
-
-
-
8.
4
±
1.
8
K
rü
ck
er
et
al
.[
78
]
5-
7
SM
n
=
61
5.
8
±
2.
6
-
-
-
K
rü
ck
er
et
al
.[
78
]
5-
7
SM
,1
-8
PI
P
n
=
59
3.
5
±
1.
9
-
-
-
M
ai
er
-H
ei
n
et
al
.[
96
]
2
FN
n
=
32
-
2.
1
±
1.
1
2.
4
±
2.
1
3.
7
±
2.
3
N
ic
ol
au
et
al
.[
11
3]
6
-
15
SM
n
=
6
4.
3
±
n/
a
-
-
-
W
ac
ke
r
et
al
.[
15
1]
1
R
F
n
=
10
-
-
-
9.
6
±
4.
9
Ta
bl
e
24
:S
el
ec
tio
n
of
in
-v
iv
o
ac
cu
ra
cy
st
ud
ie
s
fo
r
co
m
pu
te
r-
as
si
st
ed
ne
ed
le
pl
ac
em
en
ti
n
th
e
liv
er
.A
ll
er
ro
rs
ar
e
gi
ve
n
as
m
ea
n
(±
σ
)
in
m
m
.
SM
:S
ki
n
m
ar
ke
r,
FN
:F
id
uc
ia
ln
ee
dl
e,
PI
P:
Pr
ev
io
us
in
st
ru
m
en
t
po
si
tio
n,
R
F:
R
ef
er
en
ce
fr
am
e.
G
en
er
al
ly
,n
ot
al
lp
ar
am
et
er
s
w
er
e
as
se
ss
ed
,a
s
in
di
ca
te
d
by
“-
”.
Fo
r
K
rü
ck
er
et
al
.[
78
]
th
e
sy
st
em
er
ro
r
re
pr
es
en
ts
th
e
er
ro
r
w
hi
ch
th
e
au
th
or
s
re
fe
rr
ed
to
as
tr
ac
ki
ng
er
ro
r
(c
f.
se
ct
io
n
10
.2
.3
).
a
Ba
no
va
c
et
al
.[
6]
re
po
rt
ed
th
e
m
ed
ia
n
as
op
po
se
d
to
th
e
m
ea
n
ta
rg
et
in
g
er
ro
r.
183
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tumors were inside the liver. The four nodules whose shape most closely
resembled spheres were chosen as targets1. In P1 and P2, E1 was the first
to target all lesions. In P3 to P5, E2 began with the experiments. The order
was randomized.
In the case of the conventional method, the workflow for targeting a
lesion comprised the following steps (cf. Fig. 80):
1. Preparation:
a) Orientation CT acquisition: A pre-procedural expiratory CT scan
of the animal was acquired (Toshiba Aquilion 16 slice multide-
tector CT scanner, Toshiba, Tokyo, Japan; 3 mm slice thickness)
to locate the tumor.
b) Mounting of needles: A set of one way cannula was placed above
the tumor region as shown in Fig. 80(a).
c) Planning CT acquisition: A second CT scan (same settings as in
a)) was acquired showing the thin needles (cannula) as small
dots on the individual transversal CT slices.
d) Path planning: A trajectory to the target was planned by selecting
(1) a transversal CT slice, (2) the mid-point between two fiducial
needles on that slice as insertion point, (3) an in-plane insertion
angle and (4) an insertion depth. If necessary, the out-of-plane
angle was additionally estimated. As in clinical practice, the
chosen angle was copied from the monitor as shown in Fig. 80(b).
2. Targeting
a) Insertion point localization: The insertion point was located by
identifying the chosen transversal CT slice via a laser beam and
marking the mid-point between the two chosen needles within
that slice (cf. Fig. 80(c)). For this purpose, the swine was held in
expiration.
b) Needle alignment: The instrument was aligned with the planned
trajectory. For this purpose, an assistant continuously compared
the planned in-plane insertion angle with the actual angle of the
instrument as shown in Fig. 80(d).
c) Needle insertion: The needle was gradually advanced and/or
redirected while its position was reassessed with control CT
scans until the desired needle position was obtained2. The swine
was held in expiration for 20 seconds intervals for this purpose.
1 In P1, only three lesions were used because one of the chosen nodules was extremely
small, and the contrast agent diminished over time. To compensate for this, five nodules
were punctured in P4.
2 The instrument required a placement of the tip of the needle several millimeters before
the tumor - not in the center of the lesion.
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It is worth mentioning that in some cases, a thin needle was
used instead of the instrument to initially locate the correct path.
Once the trajectory was correct according to a control CT scan,
the actual instrument was inserted.
d) Tissue extraction: Once the operator was satisfied with the instru-
ment position, he used a semi-automatic biopsy gun to extract
a tissue probe (cf. Fig. 80(e)). If blue-colored agar representing
tumor tissue had been extracted (cf. Fig. 80(f)), the trial was
complete. Otherwise, the workflow was repeated beginning
from step planning CT acquisition, path planning, needle alignment,
needle insertion, or tissue extraction.
As the fiducial needles were removed after each successful biopsy, the
individual experiments can be regarded independent of each other.
The workflow for the navigated method was as follows:
1. Preparation: The workflow for preparing the needle insertion was the
same as in study II (cf. section 10.2.1), comprising the steps planning
of fiducial insertion, fiducial insertion, CT acquisition, path planning and
initial registration.
a) Needle insertion: Guided by the navigation monitor, the op-
erator used the optically tracked semi-automatic biopsy gun
(cf. Fig. 80(f)) to target the lesion. For this purpose, the swine
was held in expiration for 20 seconds intervals. The target point
was defined as the point on the planned trajectory with a dis-
tance of 5 mm to the center of the lesion.
b) Tissue extraction: The operator used the instrument to extract
a tissue sample. If blue-colored agar (cf. Fig. 80(f)) was in the
notch of the instrument, the trial was complete. Otherwise, the
workflow had to be repeated from the step CT acquisition, path
planning, or needle insertion (chosen by the operator).
Evaluation
To compare the conventional CT-guided biopsy method with the navigated
method, the following parameters were evaluated:
radiation exposure: The number of CT scans required for a success-
full biopsy served as an indicator for the radiation exposure to the
patient. Note that the actual radiation exposure depends on many
parameters including the physical properties of the CT scanner, the
chosen slice thickness and the acquired volume. Unfortunately, differ-
ent persons were responsible for operation of the CT scanner in this
study, and the acquired image volume was not always set to an opti-
mal size to minimize the radiation dose. In consequence, reporting of
the radiation dose would lead to misleading values.
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(a) mounting of needles (b) path planning
(c) location of insertion point (d) instrument alignment
(e) tissue extraction (f) successful biopsy
Figure 80: Workflow for conventional CT-guided liver biopsies in study
III (cf. Fig. 5). After CT acquisition, a set of needles is placed above the
tumor region (a). Next, a second CT scan is acquired, which is used
to plan a trajectory to the target (b). The insertion point is located (c),
and the instrument is aligned with the planned trajectory (d). Finally,
the needle is gradually advanced and/or redirected while its position
is reassessed with control CT scans until the desired needle position is
obtained. Once the operator is satisfied with the instrument position,
a tissue sample is extracted (e). A successful completion of a biopsy
requires blue-colored agar in the notch of the instrument (f).
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accuracy: Two parameters were recorded as indicators for the accuracy
of the respective method:
• For each trial, the number of repositionings of the biopsy needle
until a positive biopsy was obtained was recorded. In the case
of the navigated method, a negative biopsy always required
another needle insertion, hence, the number of repositionings
was generally equal to (#attempts − 1) for each trial, where
#attempts denotes the number of tissue extractions. In the case
of the conventional method, the value was generally equal to the
number obtained by subtracting the two planning CTs from the
total number of CT scans acquired.
• The number of tissue extractions until a positive biopsy was
obtained was also recorded. The hit rate was defined as:
hit rate =
1
#attempts
(10.2)
time : Total procedure time as well as the duration of the individual steps
within the biopsy workflow were recorded to compare the methods
with respect to time requirements.
To test whether there is a statistically significant difference in the means
of the individual parameters for the two methods, a two-sided Wilcoxon
rank-sum test was performed with α = 0.05.
10.3.2 Results
All 20 lesions were successfully punctured with both the navigated and
the conventional method. No complications occurred during navigated
instrument insertion while two complications resulted from conventional
CT-guided needle insertion: Puncture of the right inferior lobe of the lung
and of a big vessel.
The mean trajectory length was 6 ± 3 cm for both methods. As shown
in Fig. 81(a), the number of CT scans required for a successful comple-
tion of the intervention was 6.1 ± 3.8 and 1.2 ± 0.4 for the conventional
and navigated method respectively. The corresponding mean number
of repositionings of the instrument3 was 3.2 ± 3.8 (conventional) and
0.2 ± 0.5 (navigated). While the lesions were generally hit at the first
attempt with the navigated method, the number of repositionings of the
instruments varied considerable in the case of the conventional method
and generally incrased with an increasing needle trajectory (cf. Fig. 82).
3 In the case of the conventional method, the number of repositionings may refer to the
actual biopsy needle or the (thinner) navigation needle that was used to locate the correct
trajectory (cf. section 10.3.1)
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Figure 81: Number of CT scans required for a successful liver biopsy (a), hit rate
according to eq. 10.2 (b) and overall procedure time (c) for study III. The
mean (± σ) for all parameters is shown for both the conventional (n = 20)
and the navigated method (n = 20).
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Duration conventional Duration navigated
Orientation CT 6 ± 0a -
Planning 1 ± 1 2 ± 2
Mounting of fiducials 1 ± 0 6 ± 3
Planning-CT 1 ± 0 1 ± 0
Path planning 1 ± 1 6 ± 4
Registration - 2 ± 2
Total preparation time 9 ± 1 17 ± 7
Table 25: Mean duration (± σ) (in min) of the individual steps within the work-
flow for preparing the actual targeting procedure for both the conven-
tional (n = 20) and the navigated method (n = 20) (study III).
a In practice, the orientation CT was only done once in each animal. The average obtained
from all five swine was then used in all experiments
In three cases, the navigated method required more than one CT scan
either due to an unfavorable placement of the fiducial needles (two cases)
or due to a negative biopsy. The additional times resulting from these
adjustments were included in the overall procedure time as operating errors
as shown in Tab. 26.
The mean number of tissue extractions per lesion was 2.3 ± 2.9 in the
case of the conventional method and 1.2 ± 0.5 in the case of the navigated
method, which corresponds to hit rates (cf. eq. 10.2) of 74 ± 32 % and
94 ± 18 % respectively (cf. Fig. 81(b)).
According to Fig. 81(c), procedure times were comparable for both
methods (20 min). However, the preparation time was much longer in
the case of the navigated method as shown in Tab. 25. The most time-
consuming steps in the workflow were the fiducial insertion (6 ± 3 min) and
the path planning (6 ± 4 min). The actual targeting (2 ± 1 min) was much
faster compared to the conventional method (11 ± 9 min) (cf. Tab. 26).
Figure 83 shows the learning curves for the steps preparation and targeting.
The time required for preparing the needle insertion could be decreased sig-
nificantly in the course of the study in the case of the navigated method. For
the conventional method, it was mainly the targeting step which improved
over time.
According to the Wilcoxon rank sum test, the differences in number of CT
scans, number of repositionings of the needle and hit rate are statistically
significant (p < 0.05).
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Navigated Conventional
Preparation 17 ± 7 9 ± 1
Targeting 2 ± 1 11 ± 9
Operating errors 1 ± 4 -
Overall 20 ± 8 20 ± 9
Table 26: Mean duration (± σ) (in min) for the steps preparation and targeting
described in section 10.3.1 (study II) for both the conventional (n = 20)
and the navigated method (n = 20). In the case of the navigated method,
the operating errors (cf. section 10.3.2) are additionally listed.
10.3.3 Discussion
The purpose of this study was to compare the conventional CT-guided
liver biopsy method with the navigated approach with respect to radiation
exposure to the patient, accuracy and time. According to the results,
the navigated method outperformed the conventional method, reducing
the mean number of repositionings of the needle by 95 % (conventional:
3.2 ± 3.8; navigated: of 0.2 ± 0.5) and the mean number of CT scans by
81 % (conventional: 6.1 ± 3.8; navigated: 1.2 ± 0.4). The mean hit rate
was 74 ± 32 % (conventional) compared to 94 ± 18 % (navigated) for liver
lesions with a diameter of approximately 5 mm (n = 20). Procedure times
were comparable (conventional: 20 ± 9 min; navigated: 20 ± 8 min).
For both methods, the procedure time decreased in the course of the
study. In the case of the navigated method, this can be attributed to
the fact that the operator became more familiar with the anatomy of the
swine as well as with the navigation system, which led to decreasing time
requirements for fiducial insertion and path planning. In fact, procedure times
were significantly smaller than in study II (cf. Tab. 23). In that study, the
same operator had needed 14 ± 5 for the combined step planning of fiducial
insertion (study III: 2 ± 2 min) and fiducial insertion (study III: 6 ± 3 min). It
should be considered, however, that one fiducial configuration was used
for targeting four lesions instead of one in study II.
In the case of the conventional method, the duration of the targeting
step decreased significantly in the course of the experiments. A possible
explanation for this is the fact that the expert used a different instrument
in clinical routine and gradually became familiarized with the provided
needle. In fact, he needed significantly more CT scans (11 ± 3) and attempts
for tissue extraction (Hit rate: 23 ± 23 %) in the first swine than in the
remaining animals (CTs: 4 ± 3; Hit rate: 82 ± 25 %).
It should be pointed out that the performance of the navigation system
compared to the conventional method could not be tested in cases that are
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challenging for the conventional method because the needle trajectories
were generally in-plane and relatively short (6 ± 3 cm). This can be at-
tributed to the fact that the porcine livers were relatively flat. Furthermore,
the experiments were conducted in ventilated swine because animals can-
not cooperate with breath-hold instructions. In a clinical setting, needle
insertion is more challenging in non-ventilated patients. In this case, a
non-rigid deformation model for the navigated method might be necessary
to obtain high accuracy over the entire breathing cycle.
The performance of the navigation system could be further optimized for
clinical use. First, the biopsy needles were far too long considering the short
trajectories that were chosen. Hence, the tool tip tracking error (caused by
the lever effect and needle bending) and thus the overall targeting error
could have been reduced by applying shorter instruments. Furthermore,
the whole targeting procedure was based on only one planning CT. In
practice, a control CT scan could be acquired when the target has been
reached before starting with the actual therapeutic or diagnostic procedure
to assure correct needle placement. On the other hand, this would increase
intervention time and radiation exposure to the patient.
While navigated needle insertion is a very active field of research (cf. chap-
ter 3), literature on in-vivo comparison of navigated insertion methods with
conventional methods is sparse. Banovac et al. [7] compared the conven-
tional fluoroscopy guided needle insertion technique with an electromag-
netically guided approach (cf. Tab. 1). Seven punctures of a 2 ml agar lesion
were conducted with each method in one swine. All trials with the navi-
gated method were completed with a single insertion, whereas 2.9 passes
on average were required for the conventional method. Overall targeting ac-
curacy, determined from control CT scans, was approximately 7-8 mm and
6-7 mm for the conventional and navigated method respectively4. Khan et
al. [72] compared the puncture accuracy of the conventional CT-guided
technique with a navigated approach (cf. Tab. 1) in a human cadaver. The
authors reported an overall targeting accuracy of 8.9 ± 1.7 mm (n = 42) and
of 8.4 ± 1.8 mm (n = 42) for the conventional and the navigated method
respectively. According to these studies, the accuracy of the navigation
system presented in this work is high both in comparison to related work
and to the conventional needle insertion method.
In conclusion, the proposed liver navigation system outperformed the
conventional method with respect to radiation exposure to the patient
and accuracy without increasing intervention time. The advantages and
shortcomings of the proposed approach in comparison to the conventional
method are further discussed in chapter 11.
4 Only bar charts are provided, and the exact numbers are not stated.
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Figure 82: Number of repositionings of the needle plotted against trajectory
length for the conventional method (n = 20) (a) and the navigated
method (n = 20) (b) in study III.
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Figure 83: Learning curves for the steps preparation and targeting described in sec-
tion 10.3.1 (study III). For each swine Pi, the mean duration averaged
over all lesions is plotted for both the conventional and the navigated
method.
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11D I S C U S S I O N
Because the people who are crazy enough
to think they can change the world,
are the ones who do.
— Jack Kerouac
This thesis proposed a novel approach to computer-assisted needle in-
sertion for percutaneous abdominal interventions. The concept was imple-
mented and evaluated by means of percutaneous liver punctures, but is
readily applicable to other organs and procedures. The individual modules
of the developed navigation system as well as the studies for evaluating the
proposed concepts were already discussed in detail in the corresponding
chapters. This chapter discusses the navigation method in the context of
related work and the state of the art in clinical practice.
Minimally invasive image-guided procedures for cancer diagnosis and
therapy often require insertion of an elongate instrument into the tumor
with a high degree of accuracy. In thermal ablation procedures, for exam-
ple, placement of the instrument in the tumor center must be achieved
with consideration of the exact zone of ablation relative to tumor margins
and adjacent vital structures [28]. In biopsy procedures, accurate needle
placement at the tumor margin, rather than in the necrotic center, may be
required. Finally, accurate percutaneous needle placement in intrahepatic
biliary ducts typically requires an accuracy of few millimeters over the
needle trajectory course of several centimeters [28]. In general, the effective-
ness and success of a treatment or of a diagnosis is highly dependent on
the accuracy of the percutaneous insertion [1]. In the future, accuracy re-
quirements will even further expand as targets for therapy become smaller
due to improved image resolution and new forms of treatment such as
gene therapy [28].
Recent developments in medical image processing and enhanced com-
puter performance have paved the way for computer-assisted diagnosis
and therapy. In clinical routine, however, image-guided systems are still
restricted to bony or sufficiently rigid structures because they assume a
constant target position throughout the intervention [166]. Transfer of
existing navigation techniques to soft tissue organs is challenging for sev-
eral reasons. First, soft tissue organs exhibit significant movement and
deformation due to respiratory motion and manipulation by surgical in-
struments. In consequence, the position of the tumor relative to anatomical
reference points changes continuously. Second, most systems rely on a
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simple image display technique, showing conventional axial, sagittal, and
coronal views of pre-interventional static images in addition to a virtual 3D
view, with tools displaced in relation to the (static) anatomy. This approach
requires all anatomical structures to have the same (rigid) motion [166].
Furthermore, accurate targeting based on the standard views is challenging,
especially when in-plane needle insertion is impossible. In consequence,
motion compensation and guidance can be regarded as two key issues in
soft tissue navigation.
Current research has turned its focus to procedures in soft tissue or-
gans which can deform between different procedure steps (e.g. prostate),
or throughout them (e.g. liver) [166]. One growing area of research
aims at addressing the continuous organ movement resulting from cyclic
respiratory and cardiac motion with patient specific models learnt in a
pre-interventional training phase based on 4D data [16, 71]. Other methods
are based on calibrating a tracked real-time imaging modality such as
ultrasound in order to visualize surgical instruments in relation to the
changing patient’s anatomy [8, 39, 56]. Pre-interventional segmentations
of the patient’s anatomy can be transferred to the patient via image to
image registration [156]. Unfortunately, most of the proposed approaches
are not yet fast and robust enough to be integrated into an image-guided
system. Furthermore, relatively little attention has so far been paid to the
development of appropriate guidance methods. To date, the best in-vivo
targeting accuracy reported for computer-assisted needle insertion was still
above 5 mm.
To address these issues, this thesis proposed and evaluated a novel
real-time navigation approach, based on fiducial needles, which yields
high accuracy throughout the breathing cycle. The main advantage of the
method is the fact that it is highly accurate (cf. Tab. 24) and does not rely on
a regular breathing pattern. It can be applied to freely breathing patients,
and the accuracy can be regulated by choosing the number of fiducials
based on the size and location of the target. In addition, the workflow
implied by the method is relatively close to that of the current clinical
needle insertion workflow today because the applied imaging modality
is the same and no special guidance hardware, such as a head-mounted
display, is needed.
The high accuracy associated with the proposed concept can primarily be
attributed to the application of fiducial needles. The fact that this initially
increases the invasiveness of the intervention could be seen as the main
limitation. However, as the method does not require repeated redirecting
and advancing of the instrument (cf. section 10.3.2), the use of needles
for motion compensation can be justified. Another disadvantage could
be seen in the fact that optical tracking systems, though more accurate
than other tracking systems (cf. section 3.2.2), impose the line-of-sight
constraint on the tracked tools and require the use of needles thick enough
196
Advantages:
+ high accuracy
+ applicability to freely breathing patients
+ accuracy adjustable by choosing the number of fiducial needles
+ low user error
+ no special hardware (such as head-mounted display) for guidance
+ close to the conventional needle insertion workflow
Limitations:
− initial increase of invasiveness due to fiducial insertion
− associated with radiation exposure to the patient
− optical tracking imposes line-of-sight constraint
Table 27: Advantages (+) and limitations (−) of the proposed navigation concept
in comparison to state of the art work.
to avoid bending, which is not accounted for. However, the outstanding
accuracy and robustness of optical systems compensates for these short-
comings. Finally, it could be argued that the applied imaging modality
(CT) is associated with ionizing radiation. CT was chosen in this work
because the alternatives are associated with low image quality (US) or high
costs (MR) (cf. section 3.2.1). However, the proposed approach is readily
adaptable to other imaging modalities because only the fiducial localization
module would need to be replaced. Table 27 summarizes the advantages
and disadvantages of the proposed approach in comparison to state of the
art work.
Clinical acceptance of a novel method requires evidenced benefits to the
patient and/or the institution offering it. The main advantage of the system
proposed here is that it can be applied in cases where traditional image
guidance is not feasible, i.e., when the tumor is too small, in-plane nee-
dle insertion is not possible or patients cannot cooperate with respiratory
instructions for breath-hold approaches. Due to its high targeting accu-
racy, the navigation system is suitable for targeting small lesions that are
located deeply within the tissue and thus potentially allows for treatment
of patients that could not have been treated before.
The ability to navigate on the basis of previously acquired CT data
allows the procedure to be performed without radiation exposure to the
interventionalist, while real-time images are still provided by the navigation
system. In fact, the experiments presented in section 10.3 demonstrate that
accurate needle placement can be achieved with only one planning CT
scan, leading to low radiation exposure to the patient as well.
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Furthermore, the image data that the navigation is based on may be
acquired during distinct phases of contrast material enhancement because
only one CT scan is acquired for accurate needle insertion. This aids in the
targeting of lesions that are only visible during certain perfusion phases
and also helps avoid vascular structures. As the needle can be inserted
accurately in one pass, the risk of complications from multiple needle
passes is also reduced.
Another important advantage of the navigation system is its flexibility
with respect to the trajectory to the target and the applied instruments.
As it is based on 3D imaging data, in-plane instrument insertion is not
required, and the system performs equally well for out-of-plane paths. Also,
needle insertion does not have to be performed within the narrow gantry,
which improves manageability and allows for the use of instruments of
arbitrary length. These aspects allow for choosing optimal trajectories in
terms of proximity to critical structures, insertion angle and length and
thus potentially decrease procedure times and complication rates.
Finally, according to the operators that used the system, navigated needle
insertion was easy to learn, and even operators with no clinical experience
in punctures obtained a high targeting accuracy. In consequence, it can be
expected that little operator training would be required in clinical routine,
and medical experts could concentrate on other interventions that cannot
be conducted by less experienced physicians.
In comparison to the conventional method, the primary disadvantage of
the navigated needle insertion method can be seen in the initial increase
of invasiveness due to fiducial insertion. As already stated above, the use
of needles can be justified by the fact that the proposed method does not
require repeated insertion of the instrument for accurate targeting. Another
limitation of the proposed approach could be seen in the introduction
and setup of additional hardware in the interventional suite, which intro-
duces additional preparation times and makes integration into the clinical
workflow challenging. On the other hand, even the prototype navigation
system yielded procedure times similar to the conventional procedure. It
can be expected that a commercialized system would enable even shorter
intervention times, thus reducing hospital costs. Table 28 summarizes
the advantages and limitations of the proposed navigation concept in the
context of clinical practice today.
Several issues remain to be addressed to ensure that the proposed ap-
proach will ultimately benefit patient care. Many details were already
discussed in the respective chapters. The following paragraphs summarize
the most important suggestions for future work.
fiducial insertion: So far, the process of fiducial insertion was the
most time-consuming step within the workflow. It is based on US to
minimize the use of ionizing radiation but has two major drawbacks:
First, two imaging modalities are required by the navigation system
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Advantages:
+ applicability to small targets due to high accuracy
+ in-plane needle insertion not required
+ no gating required
+ real-time feedback
+ low radiation dose to the patient
+ no radiation dose to the operator
+ no extensive training required
+ contrast agent only required once
+ no needle insertion in narrow gantry required
+ fewer needle insertions and thus potentially fewer complication rates
+ no extensive operator training
Limitations:
− initial increase of invasiveness
− additional hardware required
Table 28: Advantages (+) and limitations (−) of the proposed navigation concept
in comparison to the conventional CT-guided needle insertion method.
which potentially increases costs and intervention time. Second, the
planning CT that the fiducial insertion is based on may not reflect the
current anatomical picture because it may have been taken numerous
days before the intervention. An alternative approach that remains
to be investigated is to utilize skin markers for accurate fiducial
insertion: at the beginning of the intervention, the external fiducials
are affixed to the skin of the patient, and a low resolution planning
CT is done. Based on this CT, an optimal fiducial configuration is
planned, and the fiducial needle(s) are inserted with the aid of the
navigation system. Note that this insertion does not require a high
degree of accuracy. The actual targeting is then performed with a
maximum of accuracy because of the favorable fiducial configuration.
Whether this method could be performed sufficiently fast remains to
be investigated.
fiducial configuration: According to chapters 7 and 8, the fiducial
configuration has a high effect on the targeting accuracy. System
accuracy could be further increased by automatically determining an
optimal number and arrangement of the fiducials based on the size
and location of the target. Furthermore, the performance of the sys-
tem in the clinical workflow should be investigated for a combination
of fiducial needles and skin markers as suggested in section 8.5.
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tool construction: Although the developed prototype system per-
formed well in the clinical workflow, it may not yet be tested on
patients without further improvements. One reason for this is the
fact that the applied tools are not sterilizable. Furthermore, even
more effort should be put into the tool design. While using soft
tissue anchors appears beneficial from the technical point of view, it
remains to be seen whether the tissue injury caused by the anchor is
acceptable. Similarly, the needle diameter should be maximal from
a technical point of view (to ensure that no bending occurs), but on
the other hand, small needles potentially cause less tissue injury and
are thus more suitable from a medical point of view. Some hope still
lies in the improvement of the robustness of electromagnetic systems
which allow for using smaller needle diameters because the sensors
can be integrated into the tips of the instruments.
path planning: Planning a trajectory to the target is one of the most
time-consuming steps within the workflow making up approximately
30% of the intervention time (cf. section 10.3). So far, the trajectory
is planned manually and depends crucially on the experience of
the operator. (Semi-) automatic path planning (cf. e.g. [150]) might
decrease intervention time and at the same time reduce the risk of
injuring critical structures.
robot integration: Although a lot of effort has been invested in the
guidance module, the user error is still relatively large compared to
the overall error (cf. section 10.3). To address this issue, a robot could
be applied for the needle insertion process as proposed in [98, 153].
application to other procedures: The developed approach has so
far only been applied to liver biopsies. Future studies should investi-
gate its performance for ablation therapy, transjugular intrahepatic
portosystemic shunt (TIPS) 1. and other procedures that require accu-
rate targeting of an anatomical strucure. Furthermore, the proposed
motion compensation approach could potentially be applied in ra-
diotherapy treatment. In this case, high accuracy over the breathing
cycle would be required, thus suggesting application of a non-rigid
deformation model. Furthermore, the tracking data would need to
be fed into a prediction model to take into account system latency.
Still, transfer of the proposed concept to clinical practice will remain
challenging. In fact, most clinical studies tend to favor image-guided
systems over the traditional approach in terms of accuracy or radiation
exposure as described in [166]. Even though, the majority of systems have
1 TIPS: Angiographic procedure performed under fluoroscopic guidance wherein a wire
mesh stent is placed within the liver to decompress the portal circulation directly into the
hepatic vein [103]
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not yet entered clinical routine. This can be attributed to three main factors.
First, image-guided systems, though more accurate, are often associated
with more costs due to expensive equipment and/or longer procedure
times. Second, the proposed systems still lack integration in the clinical
workflow and are generally provided as stand-alone solutions. Finally,
novel technical solutions lack widespread acceptance on the part of the
physicians who are often reluctant to change their habits.
To address these problems, a lot of effort has been expended in this work
to ensure that the human factors issues relating to the use of technical
equipment in the operating room are adequately addressed. As an image-
guided system should not add time or complication to a procedure but be
unobtrusive and simple to operate, a guidance mechanism was developed
in close cooperation with medical partners which allows for fast transfer of
a planned trajectory to the patient and does not require special hardware
such as a head-mounted display. The derived method received strong
acceptance on the part of the physicians that used the system so far. In
addition, the navigation software can be run as a plugin in a commercialized
PACS workstation software in order for data management to be handled
with a minimum of user interaction (cf. section 4.3). Evaluation of the
prototype system in a clinical setting further showed that integration in the
clinical workflow is possible.
Regardless of the evidenced benefits of the proposed approach, wide-
spread acceptance of the novel method can only be achieved if image-
guided systems generally become standard tools for routine procedures. To
achieve this, new technologies must be effectively integrated with hospital
information systems. The concepts proposed in this thesis could then
be applied to a wide variety of procedures including thermal ablation
therapies, needle biopsy and gene delivery and thus contribute to a better
treatment standard in clinical routine.
201

12S U M M A RY
The true way to render ourselves happy
is to love our work and find in it our pleasure.
— Françoise de Motteville
Clinical practice is increasingly replacing traditional open surgical proce-
dures with minimally invasive techniques for cancer diagnosis and therapy.
These procedures typically require insertion of an elongate instrument into
the organ of interest with a high degree of accuracy. In general, the success
of a treatment or of a diagnosis is highly dependent on the accuracy of in-
strument insertion [1]. While intra-operative navigation has been proven to
be highly effective in interventions on bony or sufficiently rigid structures
such as the spine and the brain, computer aided soft tissue procedures
are still limited to non-invasive diagnostics and surgical planning. This
can be attributed to the fact that image-guided systems generally rely on
the assumption that pre-operatively acquired images used to guide the
intervention accurately represent the morphology of the tissue during the
procedure [166]. In soft tissue interventions, however, the target organ can
be subject to considerable organ shift and deformation caused by respira-
tion [28], heartbeat [76], patient movement and manipulation by surgical
instruments [149]. In consequence, the established navigation systems
designed for rigid structures cannot be applied in these procedures, and
soft tissue navigation remains a subject of ongoing research [166].
The main objective of this work was to design, implement, and eval-
uate a clinically applicable concept for computer-assisted percutaneous
needle insertion into soft tissue featuring high accuracy during continuous
breathing and an efficient guidance concept that requires a minimum of
operator training. This chapter summarizes the contributions of this the-
sis (section 12.1) and presents the primary conclusions derived from this
work (section 12.2).
12.1 summary of contributions
The proposed approach estimates the position of an abdominal target (e.g.,
a tumor) continuously from a set of tracked fiducial needles. Prior to the
intervention, the needles are inserted in the vicinity of the target, and a
planning CT scan is acquired. Localization of the needles and the target
in the planning image yields the initial poses of the fiducials relative to
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the target. During the intervention, the fiducial needles are continuously
located by a tracking system, and a real-time deformation model is used
to update the target position accordingly. To allow for fast and accurate
needle insertion, a navigation monitor guides the physician towards the
moving target.
As the liver is one of the most common sites for metastatic disease and
at the same time one of the organs most affected by respiratory motion, the
developed concept was implemented by means of example for percutaneous
liver punctures but is readily applicable to other abdominal organs and
procedures.
The overall needle insertion error associated with the presented approach
depends on a variety of factors including the instrument tracking error,
the user error, the fiducial localization error and the modelling error. To
allow for a detailed error analysis, the developed prototypical system
was evaluated in two stages. First, the system modules were evaluated
separately to quantify the individual errors contributing to the overall error.
Next, the system was evaluated in the clinical workflow to compare the
needle-based navigation concept to state of the art work as well as to the
conventional CT-guided needle insertion method with respect to accuracy,
radiation exposure to the patient and procedure time. The following
paragraphs summarize the results of this work.
respiratory liver motion simulator: To reduce the number of
animal experiments for evaluating the proposed approach, a respiratory
liver motion simulator was developed for conducting ex-vivo experiments in
a respiring patient model [90, 91]. The simulator consists of a model of the
human torso which allows for mounting of an explanted human or porcine
liver to an artificial diaphragm. It can be connected to a lung ventilator
for simulation of respiratory motion and is CT and MRI compatible. To
analyze the liver movement generated by the simulator, the movement of a
set of porcine and human livers mounted to the phantom was monitored
via tracked needles inserted into the livers. Mean displacement between
expiration and inspiration was in the range of 10 to 15 mm with cranio-
caudal movement making up the main part. In addition, the livers showed
movement due to deformation of the tissue. According to the literature [28],
the liver movement generated by the motion simulator is comparable to
the movement of a human liver in-vivo.
tracking: The fiducial needles used for motion compensation should
be trackable with high accuracy and at the same time not handicap the
operator. To optimize tracking accuracy, two commercially available optical
tracking systems were evaluated with regard to their suitability for needle-
based soft tissue navigation: The Polaris® system and the MicronTracker 2.
For this purpose, different tool designs were developed and compared
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both experimentally and theoretically via error propagation methods [86].
Furthermore, the sensitivity of the tracking systems to the pose of the tools
within the measurement volume, illumination conditions and motion was
assessed [86]. According to the experiments, the well-established Polaris®
system is well suited for needle-based navigation, yielding submillimeter
tracking accuracy for custom-designed 5DoF tools with a light design. Fur-
thermore, tracking accuracy was highly robust to illumination conditions
and motion. In contrast, the MicronTracker 2 was very sensitive to the ex-
amined factors but has the distinct advantage of allowing for construction
of lightweight 6DoF tools.
registration: To allow for visualization of surgical instruments in
relation to the patient’s anatomy, the image coordinate system must be
continuously registered with the tracking coordinate system based on
the fiducial positions. This process requires accurate localization of the
navigation aids in both coordinate systems. To automatically locate fiducial
needles in CT images with high accuracy, a novel localization algorithm was
developed which applies a stochastic optimizer to fit geometrical models of
the navigations aids into the image. A phantom study yielded a localization
error of 0.3 mm on 1 mm CT slices [87]. The main motivation for applying
fiducial needles as opposed to skin markers is the ability to track reference
points inside the target organ itself for capturing organ movement. An in-
silico evaluation further suggests that even if the morphology of the tissue
at the time of registration is approximately identical to the morphology
of the tissue during image acquisition (“rigid body assumption”), it is
advantageous to use needles because they can be placed significantly
closer to the target and capture even small shifts of the target organ.
Hence, needle-shaped fiducials outperform skin markers even in gated
experiments.
motion compensation: To allow for application of the navigation
approach in freely breathing patients that cannot cooperate with breath-
hold instructions, a motion compensation method was developed, which
yields high accuracy during continuous breathing. In an in-vitro study,
the suitability of several real-time deformation models as base for the
motion compensation was compared [88, 89]. For this purpose, explanted
porcine and human livers were mounted to a motion simulator that moved
and deformed the livers in a realistic manner. Depending on the fiducial
configuration and the applied transformation, an RMS TRE in the range of
0.7 mm to 2.9 mm throughout the breathing cycle generated by the motion
simulator was obtained. Affine transformations and spline transformations
performed comparably well (overall RMS < 2 mm) and were considerably
better than rigid transformations.
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fiducial placement: As the TRE depends crucially on the arrange-
ment of the fiducials, this thesis further investigated appropriate fiducial
placement strategies. To minimize the system error, the distance of the
target to the centroid of the control points extracted from the fiducials
should be minimized. When three needles are applied, the target should
be contained in the volume spanned by the needles (cf. section 7.3). When
applying two fiducial needles, a needle placement along the principal di-
rection of movement is advantageous with the needles enclosing the target
in that direction [89].
reduction of invasiveness : When choosing the number of needles
to be applied for motion compensation, there is always a tradeoff between
high accuracy and low invasiveness. An in-vivo study investigated combin-
ing external and internal fiducials for real-time motion compensation to
reduce the invasiveness, while keeping sufficient accuracy for a given in-
tervention [94]. For this purpose, the TRE for different numbers of surface
markers ns and fiducial needles nf, as well as for different transformation
types, was compared in-vivo with an inserted needle serving as target. Dur-
ing continuous breathing, nf had the greatest effect on accuracy, yielding
mean RMS errors 4.8 mm (nf = 0), 2.0 mm (nf = 1) and 1.7 mm (nf = 2)
with ns = 4. These values correspond to error reductions of 11%, 64% and
70% compared to the case when no motion compensation is performed, i.e.,
when the target position is assumed constant. The results of the study can
be used in practice to select a suitable combination of fiducials for a given
tumor size and location, considering the tradeoff between high accuracy
and low invasiveness.
automatic gating: In general, the TRE decreases in those time slots
during the intervention which correspond to the state within the breathing
cycle that the CT was taken in. To exploit this observation, an automatic
gating scheme based on the fiducial poses was developed. It was shown
that the FRE of a rigid transformation reflecting tissue motion generally
correlates strongly with the TRE and can be used to provide an intra-
interventional measure of confidence for the accuracy of the system [94].
Based on this measure, optimal time slots for the needle insertion can be
detected automatically.
guidance An important factor to the overall performance of a naviga-
tion system is the user error, which depends crucially on the provided
guidance method. To minimize this error, different visualization schemes
for targeting of an anatomical structure with a needle-shaped instrument
were developed and compared [134, 135]. Based on an in-vitro evaluation
of the proposed methods, a three-stage visualization scheme for clinical use
was derived [93, 96]. Depending on the state within the targeting workflow
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(tip positioning, needle alignment, needle insertion), an appropriate view on
the scene is generated from the image and the tracking data, showing the
user how to move the instrument to transfer a planned trajectory accurately
to the patient.
accuracy assessment in the clinical workflow : Two studies
were conducted to assess the needle insertion accuracy associated with
the proposed approach. In the first study, the accuracy of the navigation
system was assessed in-vitro with the developed respiratory liver motion
simulator [92]. Two operators, who performed 20 needle insertions in
a total of four porcine livers, obtained an overall targeting accuracy of
3.5 ± 1.1 mm determined with control CT scans. In a second study,
the accuracy of the system was assessed in-vivo in two swine [96]. Two
medical experts with experience in CT-guided interventions and two non-
experts used the navigation system to perform 32 needle insertions into
contrasted agar nodules (radius: 5-10 mm) injected into the livers of two
ventilated swine. The lesions were hit in 97% of all trials with a mean user
error of 2.4 ± 2.1 mm, a mean TRE of 2.1 ± 1.1 mm and a mean overall
targeting error of 3.7 ± 2.3 mm. The non-experts achieved significantly
better results than the experts with an overall error of 2.8 ± 1.4 mm
compared to 4.5 ± 2.7 mm. In both animals, the operators performed four
needle insertions based on only one planning CT, reflecting the fact that
needle repositioning is very common during RFA procedures to completely
destroy a tumor. When the needle insertion was conducted immediately
after the planning CT acquisition, the TRE and the overall targeting error
dropped to 1.7 ± 1.4 mm (n = 8) and 2.3 ± 1.0 (n = 8) respectively.
comparison to conventional needle insertion method : To
evaluate the clinical applicability of the proposed approach, the navigated
needle insertion method was compared to the conventional CT-guided liver
biopsy method with respect to radiation exposure to the patient, accuracy
and time. For this purpose, two experts performed a total of 40 biopsies (20
with each method) of liver lesions with a diameter of approximately 5 mm
in five swine. According to the results, the navigated method outperformed
the conventional method, reducing the mean number of repositionings of
the needle by 95 % (conventional: 3.2 ± 3.8; navigated: of 0.2 ± 0.5) and
the mean number of CT scans by 81 % (conventional: 6.1 ± 3.8; navigated:
1.2 ± 0.4). Procedure times were comparable for both methods (conven-
tional: 20 ± 9 min; navigated: 20 ± 8 min).
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12.2 conclusions
In this thesis, new concepts for computer-assisted soft tissue interventions
were developed, implemented and evaluated. The main contributions
include (1) development and evaluation of a real-time capable motion
compensation method for percutaneous abdominal interventions, (2) devel-
opment and evaluation of a guidance method to allow for fast and precise
insertion of a needle-shaped instrument along a predetermined trajectory
and (3) development of a respiratory liver motion simulator for evaluating
the proposed methods in a realistic setting. Furthermore, a prototypical
system for navigated liver punctures was developed and evaluated based
on the proposed methods to demonstrate the clinical applicability of the
novel navigation approach. According to various in-silico, in-vitro and in-
vivo experiments, the method is highly accurate compared to state of the
art work and outperforms the conventional CT-guided needle insertion
method with respect to accuracy and radiation exposure to the patient.
A major advantage of the navigated needle insertion approach compared
to the conventional CT-guided method is that it can be applied when
traditional image guidance is not feasible, i.e., when the tumor is too small,
in-plane needle insertion is not possible, or patients cannot cooperate
with respiratory instructions for breath-hold approaches. Due to the high
targeting accuracy, the approach is suitable for targeting small lesions
that are located deeply within the tissue. Additional advantages include
low radiation exposure to the patient, high flexibility with respect to
path planning and low extent of operator training. A limitation of the
proposed method could be seen in the fact that it initially increases the
invasiveness of an intervention due to the insertion of the fiducial needles.
As repeated redirecting and advancing of the instrument is not required,
however, the use of needles can be justified. Furthermore, the invasiveness
can be minimized by combining fiducial needles with skin markers and
by choosing a suitable configuration of fiducials for a given tumor size
and location, considering the tradeoff between high accuracy and low
invasiveness.
This thesis showed that the proposed navigation approach features major
benefits compared to related methods as well as to the conventional nee-
dle insertion approach. Future work includes optimization of individual
system modules to decrease intervention time, development of algorithms
for automatic fiducial configuration and path planning and integration
of a robot for needle insertion. To assure that the developed methods
will eventually benefit patient care, the new technology must further be
effectively integrated with hospital information systems. As the proposed
concepts are broadly applicable to various organs and procedures, this
work is an important contribution to the field of computer-assisted medical
interventions.
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